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ABSTRACT 
Ultrasonic Lamb waves have been proved as an effective nondestructive evaluation 
(NDE) method due to their ability to propagate a long distance with less energy loss as well 
as their sensitivity to various defects on the surface or inside the structure. However, there 
are still challenges towards using them as a rapid inspection method for complex structural 
geometries, various damage types, and harsh environments, such as efficiency in Lamb 
wave actuation and sensing, understanding of the complicated multi-modal Lamb wave 
propagation, and robust detection algorithms for damage quantification and evaluation. To 
address these challenges, this dissertation focuses on developing a fully non-contact Lamb 
wave inspection system and appropriate damage detection algorithms and their 
applications to various structural components. Toward it, fundamental studies of the Lamb 
wave propagation are first conducted to understand the complicated Lamb waves (part I). 
Next, the single-mode Lamb wave inspection system with non-contact ACT actuation and 
SLDV sensing is configurated and damage detection algorithms are developed for 
quantitative damage detection (part Ⅱ). Finally, the applications for damage detection are 
applied to both isotropic metallic structures and anisotropic composite structures (part Ⅲ).
In Part I, the fundamental Lamb wave dispersion curves are calculated by solving 
the Rayleigh-Lamb wave equations. Besides, the plate structure and material influence on 
the dispersion curves are studied and the Lamb wave modeshapes are also theoretically 
calculated and studied. Next, to understand the Lamb wave propagation, the 1D and 2D 
analytically modeling of Lamb waves with both in-plane actuation and out-of-plane 
vi 
actuation are performed. To validate our analytical modeling with in-plane actuation, the 
Lamb wave modeling in the case of PWAS excitation is conducted. Then experimental 
work using the PWAS for in-plane actuation and SLDV for out-of-plane velocity is carried 
out for analytical modeling validation. Similarly, to validate our analytical modeling with 
out-of-plane actuation, the Lamb wave modeling in the case of pulsed laser excitation is 
performed, then experiments are conducted using the pulsed laser for out-of-plane 
excitation and SLDV for out-of-plane velocity measurement for the analytical modeling 
validation. After that, the Lamb wave interaction with a discontinuity is then conducted 
using the finite element method to understand the wave behavior when interacting with 
discontinuity. 
In Part Ⅱ, the fully non-contact system is constructed by using a non-contact air-
coupled piezoelectric transducer (ACT) for actuation and remote scanning laser Doppler 
vibrometer (SLDV) for sensing. Extensive studies on ACT configuration, actuation, and 
calibration are conducted to operate ACT actuation with optimal parameters. Based on 
Snell’s law, single-mode ACT Lamb wave actuation is conducted with incident angle θ. 
The result shows that a single fundamental antisymmetric Lamb wave mode (A0) can be 
obtained. To obtain the optimal Lamb wave signal, the ACT actuation setup is optimized 
by incident angle tuning. Various sensing schemes, line scan, or area scan, are investigated 
to obtain adequate information regarding wave propagation. The multi-dimensional 
Fourier transform method is adopted to analyze the multi-dimensional Lamb wave data 
giving the wave information in either time, space, frequency, or wavenumber domain for 
characterization analysis. The characterization result verifies the single A0 mode and 
shows the ACT actuated Lamb wave propagation is highly directional with its strongest 
vii 
wave intensity along the ACT axis direction. Other than that, to quantitatively evaluate the 
damage, and an improved cross-correlation principle-based imaging method using the 
scattered waves of all directions is proposed for damage imaging inspection. 
In Part Ⅲ, applications of the ACT-SLDV system and single A0 mode method are 
explored for both nuclear-spent fuel dry cask structures and composite structures. To 
address the complex multilayered structures in spent fuel casks, systematic studies of 
detections of machined crack, simulated damage growth monitoring are preliminary 
conducted. Then the detections of fatigue-induced crack inspection as well as crack growth 
monitoring are implemented. Towards the complicated multi-layered dry cask structure 
application, crack inspection in multilayered plate structures is conducted. Other than that, 
the noncontact acoustic emission testing by the ACT is conducted on various metallic 
structures as well as composite structures. In composite structures, the most typical 
delamination and impact damage are inspected using the ACT-SLDV Lamb wave method. 
Other than that, composite manufacturing defects, such as weak-bond quality and 
composite wrinkle defects are inspected. 
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CHAPTER 1  
INTRODUCTION 
1.1 RESEARCH BACKGROUND 
In the U.S., there were 1502 commuter aircrafts crashes, of which 26% were fatal 
and resulting in 1104 deaths during 1990 ~ 2007 [1][2]. According to a 2010 survey of 
energy accidents, there have been at least 56 accidents at nuclear plants in the U.S. Many 
of these failures were due to structural damage or progressive accumulation of material 
defects over the critical level [3]. When damage is initiated in the structures, it has the 
potential to cause immense monetary loss and even threaten our human life [1][4]. Hence, 
monitoring the performance of a structure, detecting damage, and providing damage 
prognosis to predict the remaining service of a structure in service have been of much 
importance and relevance from the early days of engineering to the present day [5]. It 
started as non-destructive testing and evaluation (NDT&E) then branched out to structural 
health monitoring (SHM) in the last two decades. While NDE often aims at off-service 
damage detection by sensors manually intervention and SHM aims at the in-service 
implementation for real-time damage detection by in-situ sensors [6]-[15], both address 
inspecting the structure, evaluating the defect of the structure, and/or forecasting the 
remaining service life leading to structural safety and reduction of the maintenance cost 
and time. Hence, they are critical and of great interest for the safety assurance of aerospace 
[9]-[13], nuclear [6][7], civil [16]-[18], and many other structures [19][20].  
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There are different NDE methods, such as ultrasonic testing, radiographic testing, 
magnetic particle testing, and infrared thermographic testing. They have their advantages 
and can be applied in different material structures [21]. Ultrasonic testing has attracted 
substantial attention for researchers since the transducers are relatively cheap and 
lightweight [5] compared to many others. For ultrasonic testing, it can further be 
categorized as conventional ultrasonic testing (through the use of pressure waves) and 
advanced ultrasonic testing (through the use of guided waves) [22]. The pressure wave is 
the longitudinal wave propagated in the structure without boundary restriction and it is 
mostly used in through-thickness defect inspection. While for guided wave propagation, a 
boundary is required. It is generated through a variety of different waves reflecting and 
mode converting inside a structure and superimposing with areas of constructive and 
destructive interference that finally leads to the nicely-behaved guided wave packets that 
can travel in the structure [23]. The structure that propagates the guided waves is named 
waveguide. Guided waves can be used for various structures such as pipes, rails, and thin 
plates since they can propagate long distances with less energy attenuation as compared to 
pressure waves [23][24]. The guided wave propagates with phase velocity and group 
velocity. Phase velocity is the velocity at which the phase of the wave propagates. Group 
velocity is the velocity at which wave packages propagate and it represents the energy 
propagate velocity in the structure.  
There are different forms of guided waves as they propagated in different structures, 
such as Rayleigh surface wave, shear horizontal wave, and Lamb wave, etc. [25]. One of 
the most common forms is the Lamb wave which propagates through thin plates with 
stress-free surfaces. It has been widely used in the NDE field due to the plate structures 
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have been widely used in aircraft, civil, or mechanical fields [5]. This dissertation study 
will focus on Lamb wave-based NDE/SHM in plate-like structures. 
The main advantage of Lamb wave NDE is that it can propagate long distances 
with little energy attenuation, so it can be used for large area inspection [23][25]. The 
fundamental challenges associated with Lamb waves are their multi-modal and dispersion 
natures [25]. Their properties are dictated by the governing Rayleigh-Lamb equations [1] 
and represented by the solutions known as the dispersion curves. As an example, the 
dispersion curves of Lamb waves in a 1-mm aluminum plate has been acquired by solving 
the governing equation and given in Figure 1.1.  
 
Figure 1.1: Lamb wave dispersion curves of 1-mm thick aluminum plate. (a) Phase velocity 
dispersion curves, (b) group velocity dispersion curves. 
The dispersion curves show that multiple wave modes travel at frequency-
dependent velocities. The modes can be grouped as symmetric and antisymmetric Lamb 
waves based on the particle motion pattern w.r.t. the midplane. Below around 1800 kHz, 
there are two Lamb wave modes, but more Lamb wave modes exist as the frequency goes 
above the 1800 kHz “cutoff” point. This is the multi-modal nature of Lamb waves. And 
for one specific Lamb wave mode, both the phase velocity and group velocity will vary as 




wave input will split into different wave modes as it propagates in the structure, making 
the response complicated to analyze. Also, the shapes of the guided waves change as they 
propagate in the structure due to their dispersive nature. The multi-modal and dispersive 
nature leads to the complexity of the Lamb wave NDE. 
A Lamb wave NDE system usually employs transducers for Lamb wave actuation 
and sensing. The actuator is connected to a signal generator for inspection input and the 
sensor is connected to the data acquisition system to collect the inspection output. Both 
actuators and sensors are very important for the Lamb wave NDE system. The transducers’ 
selection mostly based on the factors such as sensitivity to mechanical responses, 
compatibility with the geometry of the host structure, feasibility of mounting or embedding 
with the host structures, efficiency of stress or energy transfer, lower level of interference 
of transducer dynamics with the wave propagation, frequency of operation, and 
environmental conditions [27], etc. The commonly used transducers can be categorized as 
contact and non-contact types. The most commonly used contact type transducers are 
piezoelectric (PZT) transducers such as piezoelectric wafer active sensors (PWAS) [25]-
[28], and fiber optics sensors [29][30]. The most commonly used non-contact type 
transducers are electromagnetic acoustic transducers (EMATs) [31], pulsed laser [32][33], 
and air-coupled transducers [34]. More details about the contact and non-contact 
transducers will be introduced in the later chapters. 
In practice, the received responses collected by sensors contain the damage features. 
As mentioned previously, multi-modal Lamb waves lead to multiple reflections at the 
discontinuities. Therefore, post-processing of these acquired data such as damage feature 
extraction is very important [35][36]. With appropriate post-processing of the acquired data, 
 
5 
the damage signature can be extracted to predict and evaluate the target structure's health 
[5]. One of the most commonly used data processing techniques is a time-frequency 
analysis based on the Fourier transform method to extract the time of flight information 
and to identify the Lamb wave mode, and derivation of the dispersion curves [37]-[39]. 
Overall, an efficient Lamb wave NDE system requires suitable transducers for efficient 
actuation and sensing, and robust, effective damage detection/evaluation methods to 
extract damage signatures and even to further quantify the damage if found. 
1.2 MOTIVATION 
Although Lamb wave is widely acknowledged as one of the most encouraging tools 
for NDE/SHM, and Lamb wave NDE/SHM has demonstrated advances/achievements in 
the past decades [40], there remain many challenges for the application of Lamb wave NDE, 
such as complex structural geometries, various damage types, harsh environment, etc. 
These challenges will induce difficulties in multidisciplinary areas, such as Lamb wave 
propagation and interaction mechanisms, excitation and sensing technologies, data 
interpretation algorithms, damage diagnosis, and prognosis methodologies, etc.  
The basic principle of Lamb wave-based damage detection of a structure is to 
investigate the incident, reflected, transmitted, and mode conversion of Lamb wave modes 
as they interact with damage [41]. The development of computational models for Lamb 
wave propagation and its interaction with damage is of great importance for NDE system 
design and quantitative algorithm study. One approach to modeling Lamb wave 
propagation is analytically solved the governing differential equation of motions and their 
associated boundary conditions. Another approach that has been widely studied for Lamb 
wave modeling is the numerical method. The analytical method provides a highly efficient 
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method for Lamb wave modeling, but it can’t address the Lamb wave propagation in 
complicated structures with local details of the wave-damage interaction. The main 
advantage of the numerical method is that it can be used versatilely to model Lamb waves 
in complicated structures associated with the complex wave damage interactions. 
PZT transducers are the most common Lamb wave actuation and sensing 
transducers and have been extensively used in the experimental study of Lamb wave NDE. 
Initially, PZT wedges [42] and comb transducers [43] were adopted for Lamb wave 
actuation and sensing. But these transducers were then substituted by piezoelectric wafer 
active sensors (PWAS) because they are bulky and not easily integrable to the structure. 
PWAS attracted research’s interest due to its lightweight, inexpensive and it can be easily 
mounted or embedded in the structures [25]. However, there are still several disadvantages 
of PWAS that limit the application of PWAS. First, it is difficult to incorporate into curved 
structures and deformable geometry due to its brittle nature [44][45]. Second, it requires 
bonding material to mount the PWAS on the target structure, and it is difficult to remove 
the PWAS without residue on the structure, and this may induce contamination to the target 
structure. The bonded PWAS maintenance is not cost-effective and the PWAS coupling 
effect influences the effectiveness of actuation. Another commonly used contact transducer 
is the fiber optics sensor (FOS) [29], such as the fiber Bragg grating sensor (FBG) [46][47]. 
They are quite popular for damage detection through the measurement of static or low-
frequency vibration strains. And it has been used for SHM of civil structures due to its easy 
integrability to the host structures, resistance to the environment adversities, low cost, 
multiplexing capabilities, and lightweight, etc.[5]. But the application of the FOS is 
restricted due to some results show they are in low precision. 
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Despite the wide adoption, one major issue with contact transducers is that they 
require bonding materials between the transducers and the host structures, such as 
ultrasonic couplant, water immersion, or adhesive bonding. In operation, there could be 
many uncontrollable issues related to the bonding layer which eventually will influence the 
effectiveness of the contact transducers. Moreover, in some cases, the bonding adhesive 
and couplant may contaminate the target materials which limiting the application of the 
contact method. Therefore, the non-contact Lamb wave method attracts a lot of researchers’ 
interest to overcome the limitations of the contact method in recent years. There are several 
non-contact Lamb wave excitation methods that have been reported in the literature 
including electromagnetic acoustic transducer (EMAT), pulsed laser, and air-coupled 
transducer. 
EMAT is a non-contact transducer which utilizes the mechanism of Lorentz force 
or magnetostriction to generate and sense ultrasound in metallic and/or ferromagnetic 
materials [48][49]. EMAT has been applied in many industries such as primary metal 
manufacturing and processing, automotive, railroad, pipeline, boiler, and pressure vessel 
industries. But it is limited and not compatible with composite materials. Another widely 
used non-contact ultrasonic actuator is the pulsed laser. It is usually implemented with a 
high-power laser pulse such as Q-switched Nd: YAG and CO2 lasers. The ultrasonic waves 
are generated by the surface expand, while under incident laser pulse heating, due to the 
thermo-elasticity effect [50]. This approach is exceptionally effective for curved structures 
or complicated geometry, where contact PZT transducers’ access is unfeasible. 
Nevertheless, the cost of this system is expensive. What’s more, the laser power needs to 
be well-controlled, otherwise, the structure surface may be burned by the high power. 
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Hence, even these non-contact means can be more advanced than contact means, such as 
they don’t require bonding materials for actuation, and they could be more feasible for 
structures when contact means can’t reach to, there are still limitations and disadvantages 
for their wide application. 
In addition to the actuation and sensing mechanism, appropriate damage detection 
methods for multi-modal and dispersive Lamb waves are critical to the success of damage 
detection. For most of the Lamb wave inspections, multiple Lamb wave modes are co-
existing in the target being inspected. This leads to the difficulty to discern the Lamb wave 
modes. When damage presents, the multi-modal Lamb waves will interact with the damage 
and make it even more complicated for damage signature extraction. To reduce the 
complexity of the Lamb wave propagation, a single-mode Lamb wave inspection method 
will be explored. Data analysis and damage evaluation techniques are of primary 
importance in applying any Lamb wave-based SHM/NDE. Numerous approaches have 
been reported in the literature, such as imaging-based ones including the full wavefield 
method as well as the wavenumber filtering-based method. Other than that, array-based 
imaging method, such as the sparse array imaging where sensors are distributed over the 
structure [51], and the phased array imaging where sensors are physically placed close to 
each other [52] has been studied by many researchers. In recent years, the cross-correlation 
imaging method has been introduced as one of the imaging detection method using the 
back-scattered waves and incident waves. Zhu et al. [53] developed a fast-real-time 
imaging method of multiple damage sites by cross-correlating the back-scattered waves 
and incident waves in the frequency domain. He and Yuan et al. [54] developed a zero-lag 
cross-correlation (ZLCC) imaging technique, using forward waves and the back-scattered 
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waves to image structural damage in composites quantitatively. These reported imaging 
methods mostly cross-the incident waves with back-scattered waves generated at the 
damage. Yet indeed, when propagating Lamb waves encounter damage, it assembles a new 
wave source and generates scattered waves in all directions including back-scattered [55].  
In summary, this dissertation aims to address three challenges for Lamb wave 
NDE/SHM. One challenge is to overcome the limitations with contact transducers such as 
uncontrollable issues of the bonding layer that may influence actuation effectiveness. 
What’s more, the bonding materials may introduce contamination to the host structure. The 
other challenge targeted in this work is the complexity caused by the multi-modal and 
dispersive features of Lamb wave, as well as the complexity in wave propagation and 
damage signature extraction. Last but not least is to develop robust damage inspection 
algorithms that are effective in the quantitative evaluation of the damage towards the 
structure’s health.  
1.3 OBJECTIVES 
With the challenges outlined in the previous section, the objectives of this 
dissertation are (1) studying the fundamental Lamb wave behaviors in the plate-like 
structures, (2) developing a non-contact means of Lamb waves excitation technology 
through the use of ACT, and (3) exploring robust damage detection and evaluation methods 
to be used with the non-contact system for Lamb wave NDE/SHM, and (4) apply this 
noncontact single-mode Lamb wave NDE methodology to damage detection in both 
metallic and composite structures. 
To adopt Lamb waves effectively for NDE/NDE, this dissertation starts with a 
fundamental understanding of Lamb waves in plate-like structures through both analytical 
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study and numerical modeling. Such fundamental studies lead to the profound 
understandings of the wave propagation characteristics in the structure and eventually will 
lead to the development of a modeling tool for obtaining simulation data in the long run. 
Followed with that, we selected and study the ACT ultrasonic actuation mechanism and 
configure an ACT-SLDV system for single-mode Lamb wave actuation and sensing. 
Within the implementation of Lamb wave actuation/sensing, we have the following sub-
objectives: (1) studying the ACT actuation configuration and characterization; (2) 
establishing a fully non-contact ACT-SLDV Lamb wave NDE/SHM system that uses the 
ACT for actuation and SLDV for sensing and exploring single-mode Lamb wave actuation 
to reduce the multi-modal complexity of Lamb wave propagation; (3) developing robust 
damage inspection algorithms that are effective in the quantitative evaluation of the 
damage. After that, the integrated non-contact single-mode Lamb wave inspection system 
and damage inspection algorithms are implemented in several application paradigms, such 
as the nuclear-spent fuel dry cask storage structures with crack detection, crack growth 
monitoring, and multilayered structures inspection; (4) other than that, the application on 
laminated composite aerostructures with delamination, impact damage, as well as the 
manufacturing defects, such as bond quality, wrinkle defects are also investigated. 
The dissertation is finally concluded with a summary of major findings, original 





CHAPTER 2  
STATE OF THE ART 
2.1 LAMB WAVE NDE/SHM 
The first investigation on elastic waves was started in 1885 by Rayleigh. The elastic 
waves traveling on the free surface of a semi-infinite solid were investigated due to the 
interest in modeling the motion of the ground by earth tremors [56]. In 1917, Horace Lamb 
conducted wave propagation in a layer with two traction-free boundaries and then 
discovered Lamb waves [57]. Lamb concluded that elastic waves can exist in plate-like 
thin plates with parallel free boundaries and that there are two types of wave modes, 
symmetric and antisymmetric modes, that exist simultaneously. The derivation was based 
on plates in the vacuum with one root of the two equations for symmetric modes and the 
other for antisymmetric modes. Since then, intensive research work on Lamb wave has 
been conducted. In 1924, Stoneley investigated the Lamb waves propagation in the single 
interface of two semi-infinite solids [58]. Based on Stoneley’s generalized formulation, in 
1947, Scholte investigated wave propagation at the interface of two semi-infinite media 
when one of them was water [59]. With these pioneering and fundamental studies, a 
comprehensive theory for Lamb wave was established in 1950 by Mindlin [40]. Meanwhile, 
the derivation for wave propagation in multiple layers was first investigated by Thomson. 
Since then, Lamb wave propagation in multilayer structures has attracted a lot of research 
interest. In 1953, Thomson and Haskell introduced the transfer matrix method (TMM) to 
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calculate the dispersion curves. In 1964, a more stable global matrix method (GMM) was 
investigated by Knopoff [60]. 
Back in 1961, with the understanding of Lamb waves, Worlton first introduced 
Lamb waves as a means for damage detection [61]. The dispersion curves of aluminum 
and zirconium were analytically studied to study the characteristics of Lamb modes that 
would be used for NDE applications [62]. Since then, Lamb wave NDE methods have 
attracted many researchers' interest. In 1969, Demer and Fentnor from Hughes Aircraft 
Company first introduced the Lamb waves’ potential for aerospace NDE application [63]. 
They cited ultrasonic testing as one of the most reliable forms for NDE. Lamb waves were 
considered as one of the best ways to acquire information about the medium, such as the 
medium’s density, elastic properties, and thickness. The Lamb wave NDE application to 
composite materials was started during the late 1980s and early 1990s. Saravanos of NASA 
demonstrated the Lamb waves’ possibility of detecting delamination in composite beams 
[64][65]. Seale [66] investigated the fatigue and thermal damage detections in composite 
materials. Tang and Henneke [67] observed the sensitivity of Lamb wave propagation in 
fiber fracture. Rose et al [68], and Osmont et al [69] investigated the Lamb wave NDE 
capability of impact damage in composite sandwich plates. 
In the following mid-1990s, Lamb wave actuation and sensing optimization 
attracted researchers’ interest. Cawley’s group has been working on optimizing the 
directional Lamb waves’ generation [70][71]. Flexible, cheap polyvinylidene difluoride 
(PVDF) transducers were designed to both generate and sense waves. Interdigital 
transducers were utilized for highly focused and directional wave generation without 
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higher-mode interference. Encouraging results were achieved by using this PVDF 
transducer for various metallic specimens’ inspection. 
In recent years, Lamb wave NDE applications of various fields, such as aerospace 
and civil industries, have been conducted. For example, Kessler et al performed damage 
detection studies of in-situ delamination, transverse ply cracks, and through-holes in the 
composite plate experimentally and analytically [62]. Zhao et al developed an active 
wireless inspection system for defect detection and growth monitoring of aircraft wings by 
using small, low-cost, and lightweight piezoelectric disc transducers bonded to various 
parts of the wing [72]. Yu et al investigated Lamb wave NDE application to a fatigue crack 
in steel bridge [73]. A dual-mode sensing method for crack detection in bridges’ thick steel 
plate was developed [74]. Except for the Lamb wave NDE applications to the aero and 
civil structures, the application to nuclear structures has also been investigated. Yu and 
Giurgiutiu first introduced Lamb waves for active inspection of nuclear spent fuel-storage 
structures [75]. The actuation and sensing efficiency of piezoelectric sensors under gamma 
radiation exposure were investigated for the SHM of nuclear cask storage [76].  
2.2 CONTACT AND NON-CONTACT LAMB WAVE TECHNIQUES 
Lamb wave excitation and sensing are critical for Lamb wave NDE technology. 
Lamb waves can be generated and collected by a variety of means. Based on their 
installation conditions, they can be divided into two categories: contact type that needs to 
use liquid or solid couplant (e.g., piezoelectric wafer active sensors, etc.) and non-contact 
type (e.g., pulsed laser, and the air-coupled transducer, etc.) that physical contact is not 




For contact type Lamb wave actuation, piezoelectric transducers (PZT) are widely 
used. Earlier investigations mainly focused on relatively bulky resonant ultrasonic probes 
[84], as shown in Figure 2.1. Recently, they were substituted by the PWAS due to its 
lightweight, economic, and can be permanently bonded onto the host structure in large 
quantities for real-time monitoring of structure health [77]-[79]. They can be manufactured 
into different shapes to perform different actuation purposes. Typical circular PWAS is 
shown in Figure 2.1b [85]. 
 
Figure 2.1: Piezoelectric transducers: (a) ultrasonic probes [84], (b) circular PWAS [85]. 
To optimize the PZT Lamb waves, a bunch of parametric studies has been 
performed. Alleyne and Cawley performed parametric studies of Lamb wave damage 
detection by using a traditional wedge probe [86][87]. Kessler et al analyzed the damage 
detection through correlated experimental and analytical studies [88]. Giurgiutiu et al 
simulated the Lamb wave propagation excited by harmonic time signals in a three-
dimensional (3D) infinitely large plate with PWAS fully covering the width [89]. To 
acquire the best actuation signal with minimized Lamb wave modes interference, the 
frequency tuning effects on different Lamb wave modes were conducted [90]. Results 
showed that at a certain center excitation frequency (sweet spot), the maximum peak wave 
amplitude ratio between the S0 and A0 modes was reached. An analytical study as well as 




effect [89]. In recent years, PWAS’s NDE capability under harsh environments has been 
investigated. Baptista et al conducted an experimental study of the temperature effect on 
the electrical impedance of the PWAS. They found the temperature effects were strongly 
frequency-dependent [91]. Similarly, Haider et al [92]. investigated the irreversible change 
in PWAS electromechanical (E/M) impedance and admittance signature under high-
temperature exposure. The result showed that the changes in anti-resonance and resonance 
frequencies have a linear relationship with temperature. Besides, the sensitivity 
characterization of high-temperature piezoelectric transducers was performed by using 
resonance analysis [93]. Giurgiutiu et al [94] conducted a comprehensive study of radiation, 
temperature, and vacuum effects on PWAS. Sinclair et al [95] presented a comprehensive 
literature study of the radiation endurance of a piezoelectric transducer. 
With all these fundamental studies introduced above, PWAS has been widely 
studied for damage detection. For example, in the aerospace industry, Zhao et al [72] 
developed a wireless ultrasonic SHM system for aircraft wing inspection with PWAS 
bonded to various parts of an aircraft. Staszewksi et al [96] demonstrated one active and 
one passive Lamb wave NDE method for aircraft structures’ impact damage detection by 
using PWAS. Kashtalyan et al [97] analyzed the failure process, which involves a 
sequential accumulation of intra-and-interlaminar damage in the form of transverse 
cracking, splitting, and delamination, before catastrophic failure, of composite laminates 
that subjected to static or fatigue tensile loading. Other than that, PWAS Lamb wave NDE 
has also been explored in other fields, such as civil structures. Yu et al. [73] explored how 
to use PWAS as passive sensors to receive acoustic emission released by active crack 
growth in bridge steel structures. And the crack growth detection and evaluation of grout 
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structures have also been investigated [98]. Zhu et al [99] conducted a multivariate 
diagnosis method of cracks in large trusses structures by using PWAS. What’s more, Yu’s 
group did pioneering work in extending the usage to nuclear applications for aging 
management of steel dry cask storage structures TN32 cask (storage of nuclear-spent fuel) 
[75]. They developed a passive-active inspection method with the most relevant NDE 
parameters identified from a scaled-down model. An example, Faisal et al. investigated the 
effects of Gamma radiation on PWAS performance for unclear structures’ damage 
detection [76][100]. 
2.2.1 NON-CONTACT LAMB WAVE TECHNIQUES 
However, it has been realized that there are many uncontrollable issues of the 
bonding layer for contact actuation, and the bonding materials may introduce 
contamination to the host structure. Hence, generating Lamb waves by a contact-device is 
unlikely when the target structure’s surface condition does not allow for any contamination. 
To address these issues, the non-contact Lamb wave NDE method has been proposed. The 
widely used non-contact type ultrasonic transducers are pulsed laser, ACT, and SLDV, etc. 
Some commonly used non-contact transducers will be reviewed in the following. 
The pulsed laser (PL) ultrasonic technique is emerging as an attractive non-contact 
actuation technique in the SHM/NDE field. The actuation mechanism of PL is based on 
the thermo-elasticity effect. It irradiates a PL beam at the generation point of Lamb waves 
on the target structure, causing instantaneous heat expansion and constriction in the applied 
area and generating ultrasonic waves [50]. The wave generation can be controlled by laser 
pulse parameters such as power, pulse duration, and wavelength based on the target 
material structure and surface condition [101][102]. PL has attracted a lot of researchers’ 
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interest to adopt it for damage detection and localization due to its non-contact nature, long 
working distance, and sensitivity to local damage. For example, based on PL actuation, 
Flynn et al [103] conducted structure imaging estimation through a local wavenumber 
method. Sohn et al. performed PL Lamb wave crack detection on aluminum plate and 
delamination damage on composite [104][105]. Pistone et al. [106] conducted monitoring 
of immersed plates based on PL actuation. Tian et al developed a fully noncontact PL-
SLDV phased arrays system to detect multiple defects with different sizes, as well as the 
broadside and offside cracks in aluminum plate [107]. However, there are certain 
disadvantages of PL actuation. Such as broadband nature which causes multiple modes are 
actuated. Besides, the pulse energy shall be well controlled within the thermoelastic range, 
otherwise excessive pulsed laser power may burn the specimen surface leaving it as a 
destructive method [108]. Another popular non-contact transducer is air-coupled 
transducers (ACT), which use air as the couplant for actuation and sensing. In this research, 
ACT will be employed to perform non-contact actuation and more details about the ACT 
will be introduced in Section 2.2.2. 
Scanning laser Doppler vibrometer (SLDV) is a widely used non-contact sensor. It 
can sense the waves based on the Doppler effect. And it is found to be highly suitable for 
measuring the out-of-plane surface velocities of ultrasonic wave propagation with high 
accuracy [109]. The SLDV can measure and record the vibrations at multiple points on a 
predefined grid, and this facilitates rapid and high-resolution measurements. Due to its 
rapid and precise measurement, it has been investigated a lot for Lamb wave NDE. Sohn 
et al explored the feasibility of a non-contact guided wave imaging system to detect hidden 
delamination in multi-layer composites using SLDV for multi-dimensional sensing [110]. 
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Yu and Tian established a hybrid PZT SHM system by using SLDV for guided wave 
sensing [111]. Ruzzene et al. investigated a frequency-wavenumber filtering method to 
improve the damage visualization capabilities by using SLDV for full wavefield 
measurements [112]. With its non-contact, rapid, and accuracy measuring advantages, 
SLDV has significantly facilitated multi-dimensional wavefield sensing. In this research, 
SLDV will be adopted for Lamb wave sensing. 
2.2.2 AIR-COUPLED LAMB WAVE NDE METHOD 
Over the past thirty years, air-coupled transducers (ACT) have emerged as a 
promising actuation method for non-contact NDE. It can actuate ultrasonic waves into the 
target structure by using air as the couplant and with a stand-off distance. The interest in 
ACT ultrasonic has arisen due to its advantages of eliminates the need for liquid couplant 
and reduces the contamination of the host structure. In this section, the development of 
ACT and the application of the ACT for Lamb wave NDE will be reviewed. 
2.2.2.1 Air-coupled transducers 
At the very beginning of ultrasonic testing using the air-coupled transducer (ACT), 
the research work mainly focused on the air-coupled transducer development. Because the 
transmission of ultrasound between the transducer and the test piece across the air gap is 
very inefficient due to the huge impedance mismatch between air and solid [113]. 
Moreover, ultrasonic attenuation in the air is much greater than in traditional couplant, 
especially at high frequencies. To overcome these disadvantages, two ACT designs have 
been developed and have been widely used. They are piezoelectric based ACT [114]-[117], 
and electrostatic based ACT. The piezoelectric ACT is based on the common piezo-
ceramic element as it is in conventional contact transducers. Air-blacking and quarter-
 
19 
wavelength matching layers are usually employed to improve the low efficiencies and 
reduce energy loss [118]. This design makes the ACT a highly resonant device with a 
narrow band excitation. An alternative procedure is to modify the piezoelectric material 
itself, changing its mechanical and electrical properties to maximize transmission and 
reception characteristics. This is usually achieved by using a ceramic/polymer composite, 
often in the form of an l-3 connectivity piezoceramic, containing ceramic PZT pillars in an 
epoxy matrix [119]. Such devices can be optimized as sources or receivers by changing the 
proportion of ceramic in the composite. For electrostatic ACT, it is a conventional 
capacitance transducer. A solid backplate is machined or sanded to a certain topography, 
and a thin polymer membrane is stretched. Beneath the membrane, in the backplate 
depressions, are small ‘pockets’ of trapped air. These pockets of air act as air springs, which 
reduce the rigidity of the structure on the backplate and improve its coupling to the air. As 
the backplate and exposed surface of the membrane are both conducting, a capacitor is 
formed. This capacitor acts as a detector of air-borne ultrasonic waves when a D.D. bias is 
applied, and as a source when a transient voltage is applied [120][121]. This electrostatic 
based ACT has a much broader bandwidth than the piezoelectric based ACT. 
For ACT sensing, the huge impedance mismatch between air and solid will also 
lead to the received signals are in low energy levels [122]. To improve the signals, the data 
acquisition system was incorporated with a super low-noise, narrow-band tunable pre-
amplifier, which can significantly improve ACT ultrasonic signals [123]. 
2.2.2.2 ACT Lamb wave and NDE applications 
ACT has been widely used for NDE applications due to its obvious advantage of 
providing non-contact actuation and sensing. Back in the 1990s, many researchers 
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dedicated themselves to the ACT Lamb wave inspection study. Castaings and Cawley 
investigated damage detection in plates by using ACT Lamb waves [124]. A single-sided 
inspection method of composite materials was conducted by using the ACT for both 
actuation and sensing [123]. Wright and Hutchins developed an air-coupled Lamb wave 
tomography method to inspect defects in a thin aluminum plate and a carbon fiber 
reinforced polymer composite (CFRP) with thickness up to 2.2-mm. Results showed 
various machined defects were both detected with good quantitation and localization [125]. 
In the past decades, intense research work has been conducted on ACT Lamb wave NDE 
exploration. By using the air-coupled technique, Demcenko et al. [126] investigated the 
Lamb wave interaction with delamination defect in GLARE composite plate 
experimentally and theoretically. Yan et al developed a guided wave imaging method to 
inspect the impact inspection of a carbon-epoxy composite plate by using two air-coupled 
transducers. The delamination was detected and located successfully [127]. Castaings and 
Hosten [128] proposed the air-coupled guided wave method for the health monitoring of 
high-pressure composite tanks. An A0-like mode propagating around or along the tank was 
observed to be sensitive to moisture content and micro-cracking in the carbon-epoxy 
winding. 
Over recent years, Schmidt et al. [129] investigated the monitoring of multiaxial 
fatigue damage evolution in impacted composite tubes by using the air-coupled guided 
wave method. The ACT Lamb wave has been revealed to be a promising method for fatigue 
damage. Liu et al. [122] studied the interaction of ACT Lamb wave with delamination 
damage in a laminated composite beam through both simulation and experiment. The 
transmitter incident angle influence on the excited Lamb wave mode was also conducted. 
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The result showed by controlling the incident angle, a pure Lamb wave mode can be 
generated. Besides, Liu et al. [130] proposed a composite baseline-free delamination 
inspection method by combining the air-coupled Lamb wave scan method and the virtual 
time-reversal algorithm. The result was observed in a good match with the result obtained 
by commercial point-to-point C-scan. Harb and Yuan [131] generated A0 Lamb wave 
dispersion curves in isotropic solids through a hybrid ACT -SLDV system, and it was 
confirmed that it is reliable to excite desired Lamb wave modes by using Snell’s law. He 
and Yuan [132] proposed a ZLCC technique based on the ACT Lamb wave to image and 
quantify multiple sites of damage in an isotropic plate, and the result showed that this 
technique was capable of imaging and quantification of multiple damage sites in an 
aluminum plate. 
With the literature review study of ACT, we learned the fundamentals of ACT 
actuation mechanisms and their features and learned how the ACT was developed and 
improved. It provides us comprehensive guidance to perform ACT actuation and 
characterization. Besides, the literature review of ACT Lamb wave applications gives us 
an overview of the ACT Lamb wave damage detections that have been conducted. We 
learned that the ACT Lamb wave mode can be selected by controlling the incident angle. 
This gives us the confidence to reduce the complexity of the Lamb wave propagation with 
pure Lamb wave mode actuation. Moreover, the ACT Lamb wave can acquire a good 2D 
scan image with certain imaging algorithms, such as ZLCC and time reverse methods, this 





2.3 LAMB WAVE IMAGING DETECTION TECHNIQUES 
2.3.1 LAMB WAVE IMAGING TECHNIQUES OVERVIEW 
Data analysis and damage evaluation techniques are of primary importance in 
applying any Lamb wave-based SHM/NDE [133]. Numerous approaches have been 
reported in the literature. Such as imaging-based ones including the full wavefield method 
as well as wavenumber filtering-based method. Staszewski et al. [134] used amplitude 
profiles of guided wavefields to detect delamination damage. The result shows both the 
location and size of the delamination damage by an amplitude profile directly. Michaels et 
al. presented source removal and wave mode separation techniques by using frequency-
wavenumber filtering and demonstrated applications on delamination and crack detection 
[135]. After source removal, delamination induced scattering waves were highlighted. 
Ruzzene presented a damage visualization technique by filtering the damage reflection 
waves in the frequency-wavenumber domain and demonstrated an application on crack 
damage visualization [136]. Sohn et al. proposed a “standing wave filter” which can isolate 
standing wave components in a given wavefield for delamination detection in composites 
[137]. Rogge and Leckey presented a local wavenumber analysis to process guided 
wavefields and demonstrated their method can be used to quantify the depth and size of 
delamination damage [138]. Flynn et al. presented a structural imaging method, which used 
frequency-wavenumber filtering and local wavenumber estimation, and showed their 
method was able to detect wall-thinning damage in an aluminum plate and a steel pipe, and 
delamination damage in a composite structure [139]. Other than that, array-based imaging 
method, such as the sparse array imaging where sensors are distributed over the structure 
[51], and the phased array imaging where sensors are physically placed close to each other 
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[52] has been studied by many researchers. Clarke et al. studied the damage detection 
capability of a sparse array on a complex structure under varying thermal conditions [140]. 
Yu and Leckey explored the sparse array approach for crack detection in aluminum plates 
[141][142]. With the sparse array, the crack tips could be detected (Figure 2.20a). 
Rajagopalan et al. adopted an array of a single transmitter and multiple receivers (STMR) 
to locate a defect (hole) in a composite plate [143]. Later, Leleux et al. used ultrasonic 
phased array probes for long-range detection of defects in composite plates [145].  
2.3.2 CROSS-CORRELATION IMAGING METHOD 
In the past few years, the cross-correlation imaging method has been introduced as 
one of the imaging detection method using the back-scattered waves and incident waves. 
Zhu et al. [53] developed a fast-real-time imaging method of multiple damage sites by 
cross-correlating the back-scattered waves and incident waves in the frequency domain. 
He and Yuan et al. [54] developed a zero-lag cross-correlation (ZLCC) imaging technique, 
using forward waves and the back-scattered waves to image structural damage in 
composites quantitatively. This ZLCC method utilizes all the input frequencies and the 
dispersion effect was compensated automatically. Later, an enhanced imaging condition 
for composite damage imaging was developed which can provide enhanced imaging for 
multi-site damage as compared to the ZLCC method. These reported imaging methods 
mostly cross-the incident waves with back-scattered waves generated at the damage. Yet 
indeed, when propagating Lamb waves encounter damage, it assembles a new wave source 





PART Ⅰ: LAMB WAVE FUNDAMENTAL STUDY 
CHAPTER 3  
LAMB WAVE FUNDAMENTAL STUDY 
Part I of this dissertation work sets the foundation toward Lamb waves NDE/SHM. 
It begins with the understanding of Rayleigh-Lamb equations, Lamb wave dispersion 
curves, and mode shapes in this chapter. Such knowledge will be used to determine the 
wave propagation speed, identify wave mode, and study the structure and material 
influence on the Lamb wave dispersion curves.  
3.1 LAMB WAVE DISPERSION CURVES 
Lamb waves are a type of ultrasonic waves that are guided between the two parallel 
free surfaces, such as the upper and lower surfaces of a plate. Being multi-modal and 
dispersive are two dominant features [23][25]. Dispersion relations of group or phase 
velocities in terms of frequency are governed by the Rayleigh-Lamb equation and depend 
on the structure and material properties and can be obtained by numerically solving the 
Rayleigh-Lamb wave equation [25]. The classic presentation of the Rayleigh-Lamb wave 
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where d is the plate thickness,   is the wavenumber. 2 2 2 2P Pc  = − and 
2 2 2 2
S Sc  = −  where ω is the frequency, and cp, cs are the pressure wave speed and shear 
wave speed, respectively. Since P  and S  also depend on  , this makes the solution of 
this transcendental equation more complicated. In order to solve the Rayleigh Lamb wave 
equation, we will just consider only real roots (propagating waves) and imaginary roots 
(evanescent waves) [25]. To find these roots numerically, use the substitution d = , 
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Then substitute Eq. (3.3) to 2 2 2 2P Pc  = − and 
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Define the non-dimensional wave numbers PP
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   
   = =  (3.6) 
Then plug Eq. (3.3) and Eq. (3.6) into (3.1) to get the nondimensional form of the Rayleigh 
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4 2 2 2cos sin 4 sin cos 0S S S P S P S P SD D d         = = − + =  (3.8) 
To solve Eq. (3.8), when 0 = , we find the   roots of Eq. (3.8), then use it as the initial 
value in the nonlinear root search. Hence, the first step is to find the initial value of the   
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 (3.9) 
From Eq. (3.9), we get 
 cos 0 or sin 0
k

=  =  (3.10) 
The roots of Eq. (3.10) are the values of   for 0 = . Define a range of  with a small 
increment  in the real part and imaginary part separately, then we use the values of   
for 0 =  as the initial value for the roots searching. At each   value, use the solution 
from the previous   value as an initial guess and do the nonlinear root search to identify 
the corresponding   value until the whole domain of interest   is covered. By Eq. (3.10), 
we get two groups of the initial value (Figure 3.1a), then function “sort” was used to get 
these values sorted from small to large as showing in Figure 3.1b. Each initial value solved 
here was the starting point of a Lamb wave mode. Since we have the multimode properties 
of Lamb waves, here we have a ‘for’ loop for each Lamb wave mode roots searching. We 
define a loop times N, loop for 1 to N, then use the initial value one by one as the initial 




Figure 3.1: The initial values solved by Eq. (3.10). 
Then we define a range and increment of the normalized wavenumber vector  . 
The wavenumber range   is defined from 0 to 10 with a step size of 0.005. The step size 
represents the computational accuracy, when the step size is smaller, the result should be 
more accurate. Therefore, the only unknown parameter in the equations is the non-
dimensional frequency Ω . For each loop searching, we use the initial value showed in 
Figure 3.1, and use ‘fzero’ function to search to non-dimensional frequency Ω. Here in this 
solution, since the first initial value is 0, and ‘fzero’ function is very sensitive to the initial 
value, and it can’t start to search the root with ‘0’ initial value, so a small number eps=0.01 
was added to these initial values to start the search. During the solution of 
sD , there are 
imaginary roots and real roots, to eliminate the imaginary roots during the searching of 
roots, 









was also divided by the   roots that were already found. The roots reaching results for the 
real and imaginary parts of aluminum 2024-T3 plate are given in Figure 3.2. 
 
Figure 3.2: Imaginary part and real part Ω, ξ roots for symmetric Rayleigh-Lamb equation. 
The solution of the antisymmetric mode is the same as that of the symmetric mode 
solution, with only real roots (propagating waves) and imaginary roots (evanescent waves) 
being considered. To find these roots numerically, just like in the symmetric mode, d = , 
/ 2 /S Sd c fd c  = =  and follow the procedure shown for symmetric modes. We get the 
nondimensional form of the Rayleigh-Lamb wave equation. 
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 sin 0 or cos 0
k

=  =  (3.13) 
The initial values obtained from Eq. (3.13) are given in Figure 3.3. And function ‘sort’ was 
used to arrange the number from small to large. 
 
Figure 3.3: The initial values for the antisymmetric mode. 
The solution of the antisymmetric Rayleigh-Lamb wave equation is the same as the 
symmetric mode. Here in this solution, since the first initial value is 0, and the ‘fzero’ 
function is very sensitive to the initial value, and it can’t start to search the root with ‘0’ 
initial value, so a small number eps=0.01 was added to these initial values to start the search. 
During the solution of 
sD , there are imaginary roots and real roots, to eliminate the 
imaginary roots, during the searching of roots, 
sD  was divided by p . Besides, to slow 
down the change of the magnitude of the 
sD  sD was also divided by the   roots that were 
already found. The root searching results of the imaginary part and the real part are shown 










Figure 3.4: Imaginary part and real part Ω, ξ roots for antisymmetric Rayleigh-Lamb 
equation. 
The nondimensional Ω and   can be transferred to physical by frequency
/ 2sf c d= , phase velocity 2 /phc df =  , and group velocity /gc  =    where ω 
= 2πf. For example in a 1-mm aluminum plate, the wavenumber dispersion curves are 
transferred to the physical domain in terms of wavenumber and frequency representation 
as given in Figure 3.5. It is noted that there are at least two fundamental Lamb wave modes, 
A0 and S0, in the plate structure when the frequency is below the cut-off frequency of 
about 1800 kHz. When the frequency is higher, more Lamb wave modes will exist. The 
phase velocity and group velocity dispersion curves are also obtained and given in Figure 
3.6a and b, respectively. As it can be noted that at a selected frequency, different mode 
Lamb waves will propagate with different phase velocities and group velocities, which is 
the multi-modal feature of the Lamb waves. Besides, for one Lamb wave mode, its phase 
velocity and group velocity are frequency-dependent, which is the dispersive feature of the 










Figure 3.5: Lamb wave wavenumber dispersion curves of 1-mm aluminum plate. 
 
Figure 3.6: Lamb wave dispersion curves of (a) phase velocity, (b) group velocity in a 1-
mm aluminum plate. 
Lamb wave wavenumber is one of the Lamb wave characteristics, and it can be 
used for Lamb wave mode verification during its damage detection application. To analyze 
the plate structure thickness and material properties’ influences on Lamb wave 
wavenumbers, the Lamb wave number dispersion curves in various thicknesses and 
material properties are then calculated. The Lamb wave wavenumber dispersion curves in 

















b, respectively. Through comparison, more Lamb wave modes are noted in the 1.5 mm 
plate as compared to that of the 0.5 mm plate.  
 
Figure 3.7: Lamb wave wavenumber dispersion curves of aluminum plate with (a) 0.5-mm 
thickness, (b) 1.5-mm thickness. 
From the derivation of dispersion relations, we have noticed that the thickness of 
the plate in which Lamb waves exist plays a critical role in affecting the dispersion 
behaviors. Such an influence is illustrated through the results given in Figure 3.8, where 
the A0 mode wavenumbers at various thicknesses (0.508-mm, 0.635-mm, 0.812-mm, and 
1-mm) are calculated and plotted. First, it is seen that wavenumbers in plates with different 
thicknesses are different. When the frequency is higher, the difference is more significant. 
The wavenumber is sensitive to the plate thickness. Next, the detailed zoom-in comparison 
shows that at a certain frequency, the Lamb waves in the plate of the largest thickness (1 
mm) have the smallest wavenumber value, and the Lamb waves in the plate with the 
smallest thickness (0.508 mm) have the largest wavenumber value. It is noted that as the 
plate thickness decrease, the wavenumber increases. The wavenumber sensitivity of plate 
structure thickness has been successfully demonstrated, and it indicates that Lamb waves 














Figure 3.8: A0 mode Lamb wave wavenumbers in aluminum plates with various thickness 
of 0.508 mm, 0.635 mm, 0.812 mm, and 1 mm. 
It is also found that the material properties of the plate also affect the dispersion 
behaviors. The A0 wavenumbers of different materials (aluminum 2024-T3, titanium grade 
2, and stainless steel 304) are derived and plotted in Figure 3.9 to show the influence. The 
material properties of all are listed in Table 3.1.  
Table 3.1 The various material properties of the 1-mm plates 
Material Aluminum 2024-T3 Titanium Grade 2 Stainless steel 304 
Young’s modulus (Gpa) 73.1 105 200 
Poission ratio 0.33 0.37 0.29 
Density 2780 4510 8000 
 
As can be noted in Figure 3.9, the wavenumbers in different materials are different. 
When the frequency is higher, more significant differences in the wavenumber values are 
noted. It is seen that Lamb waves are sensitive to material properties. The zoom-in 
comparison in Figure 3.9 shows that at a certain frequency, the wavenumber of titanium 
has the largest value, following the wavenumber value of stainless steel plate, and the 
wavenumber of the aluminum plate has the smallest wavenumber value. The wavenumber 
sensitivity of plate material properties has been successfully demonstrated, and it indicates 





Figure 3.9: A0 mode Lamb wave wavenumbers in 1-mm aluminum plate with various 
materials. 
3.2 LAMB WAVE MODESHAPES 
Lamb wave modeshape resembles Lamb wave displacement distribution across-
the-thickness, and it changes with frequencies. It has in-plane displacement and out-of-
plane displacement. In-plane displacement is parallel to the plane of the plate, while out-
of-plane displacement is perpendicular to the plane of the plate [25]. For symmetric and 
antisymmetric Lamb waves, their mode shapes are different and need to be calculated 
independently. For the modeshape of the symmetric mode, the complete expression of a 
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The modes are not normalized, i.e., they can be scaled up or down by an arbitrary constant. 
Showing explicitly the ,x t  dependency through the common factor 
( )i x te  −  and SC is an 
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For the modeshape solution of a Lamb wave mode at a specific frequency. Firstly, we select 
a frequency f, then transfer it to the root Ω by  
 2 /f sfd c =  (3.16) 
By getting this f , we can extract the root f at this frequency, then transfer normalized 
f  to the not normalized f , by /f f d = . Finally, substitute the f  and f to calculate 
p and s , then plug into (3.15) getting the modeshape result. The solution of the 
antisymmetric mode is the same as the symmetric mode. The complete expression of the 
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And they can be scaled up or down by an arbitrary constant. Showing explicitly the ,x t  
dependency through the common factor ( )i x te  −  and SC is an arbitrary introducing mode 
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Similar to the symmetric mode, by selecting a frequency, we can extract the f  and f , 
then transfer it to the unnormalized f , then use f  and f  to calculate the p  and s , 
furtherly calculate the modeshape and stress. For a plate with 1-mm thickness, when the 
frequencies are 120 kHz and 2000 kHz, the modeshape of S0 and A0 modes are given in 
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Figure 3.10a and b. It is observed that for the S0 mode, the xu varies symmetrically along 
the plate centerline and it has the dominant in-plane displacement component as compared 
to out-of-plane displacement zu . While for A0 mode, the xu varies anti-symmetrically 
along the plate centerline and it has the dominant out-of-plane displacement component as 
compared to in-plane xu . 
 
Figure 3.10: The mode shapes of (a) S0 mode Lamb wave and (b) A0 mode Lamb waves 
at 120 kHz and 3000 kHz in a 1-mm aluminum plate. 
3.3 LAMB WAVES IN ANISOTROPIC COMPOSITE STRUCTURE 
The studies in subsections 3.2 and 3.1 are based on simple and isotropic materials. 
In practice, anisotropic materials are often present for Lamb wave propagation such as 
laminated composites that have been widely used in the aerospace industry. The 
anisotropicity significantly complicates the wave propagation, making it highly direction-
dependent [162]. Hence in this subsection, we investigated Lamb wave fundamentals in 
(a) (b) 
120 kHz 




anisotropic materials and are particularly focused on obtaining the numerical solution of 
the dispersion curves with the semi-analytical finite element method (SAFE) by the 
LAMSS-COMPOSITE *  software tool [79]-[81]. Experimental measurements are also 
conducted to validate the numerical solutions by evaluating the group velocity in certain 
directions. The composite plate studied here is a 2.54-mm thick, 8 plies CFRP composite 
plate with layout [0/45/90/- 45] S as given in Figure 3.11 (with 0˚ direction indicated as the 
x-axis and 90˚ direction indicated as y-axis). The material properties of a single-ply are 
given in Table 3.2. 
 
Figure 3.11: The 2.54-mm CRFP composite specimen. 















ν12 ν13 ν23 
Thickness 
(mm) 
1570 171.4 9.08 9.08 5.29 5.29 2.80 0.32 0.32 0.5 0.1068 
 
3.3.1 OBTAINING DISPERSION CURVES IN COMPOSITE THROUGH THE SAFE TOOL 
As introduced previously that Lamb waves are dispersive and multimodal. When it 
comes to the Lamb waves in an anisotropic composite plate, these two properties are even 
more complicated. The theoretical dispersion curves for CFRP specimen at 120 kHz are 
obtained by SAFE [79] as given in Figure 3.19. By observing these three dispersion curves, 
it is seen at 120 kHz there are two Lamb wave modes, A0 and S0. And they are all direction-
 







dependent, while S0 is less direction-dependent than A0 at all the directions. In the 
wavenumber dispersion curves (Figure 3.12a), A0 has a larger wavenumber than S0 in all 
directions. In the phase velocity dispersion curves (Figure 3.12b), S0 has a larger phase 
velocity than A0 in all directions. In the group velocity dispersion curves (Figure 3.12c), 
S0 has a larger group velocity than A0 in all directions. 
 
Figure 3.12: The dispersion curves of the CRFP composite at 120 kHz. Dispersion curves 
of (a) wavenumber, (b) phase velocity, (c) group velocity, and (d) wavelength. 
Lamb wave is more sensitive to the damage when the damage dimension is closer 
to the wavelength. Hence, Lamb wave wavelength λ is critical for damage detection and it 
can be derived from wavenumber with equation λ = 2π/γ. The wavelength of this target 
specimen was calculated, and the result of 120 kHz is given in Figure 3.12d. It is seen that 
the wavelength is also direction-dependent with the S0 mode being less direction-


















3.3.2 EXPERIMENTAL VERIFICATIONS OF DISPERSION CURVES 
To deepen the understanding of the dispersion curves, the Lamb wave actuation 
and sensing in the composite plate was then performed. The well-established actuator PZT 
was adopted for Lamb wave actuation, the PZT excitation center is set at the coordinate 
origin O. And the actuation signal was a 3-count tone-burst. The SLDV was used for 
sensing with the reflective tape used for surface enhancement. Two frequencies (120 kHz 
and 300 kHz) were actuated independently, and the signals at axis x (40 mm, and 60 mm) 
were collected by SLDV. The collected waveforms were given in Figure 3.13. 
 
Figure 3.13: Preliminary actuated Lamb waves in the composite plate. Signals at (a) 40 
mm and (b) 60 mm at 120 kHz, and signals at (c) 40 mm and (d) 60 mm at 300 kHz. 
Observing Figure 3.13, there are multiple wave packages in all these waveforms. 
For the waveforms at 120 kHz, Figure 3.13a, and Figure 3.13b, the second arrivals are both 
dominant, while the first arrivals are too weak to be seen. For waveforms at 300 kHz, there 
are multiple wave packages. And the first arrivals are much stronger than that of 120 kHz. 
In Figure 3.13c (signal at x = 40 mm), the first arrival and the second arrival overlapped. 


























separated. And this means the first arrival and the second arrival propagates with different 
velocities, and this is the dispersive phenomena. 
Although the dispersion curves can be calculated theoretically, in a realistic 
situation, the material properties and structures may off the theoretical value. Hence, with 
the calculated theoretical dispersion curves, it is important to verify them experimentally. 
In this subtask, the verification of the group velocity was experimentally performed. From 
the PZT actuated Lamb wave signals (Figure 3.13a, b), it is seen that at this frequency, 
only the second arrival is dominant, and the first arrival is too weak to be ignored. This 
means at 120 kHz, a relative pure Lamb wave mode can be actuated, so 120 kHz was 
selected for group velocity verification. PZT was selected for omnidirectional actuation; 
the excitation signal is a 3-count tone-burst. The PZT excitation center is set at the 
coordinate origin O (Figure 3.11). SLDV was used for sensing. signals were collected from 
0˚ ~ 360˚ direction with 1˚ resolution. And at each direction, collect two signals (40 mm 
and 60 mm) with a radial distance Δr = 20 mm. Using maximum magnitude to read the 




































For example, signals collected at 0˚ direction were shown in Figure 3.14 and they 
were plotted by the magnitude. The time t1 can be read as 37.63 μs and t2 can be read as 














By this method, the group velocities of different directions were calculated, and 
they were plotted with the theoretical value for verification as shown in Figure 3.15. The 
experiment value matches the theoretical values very well. Hence, the theoretical 
dispersion curves can be used as a good reference for dispersion in the subject plate. 
 
Figure 3.15: The group velocity verification result at 120 kHz. Blue dot, the experimental 








CHAPTER 4  
ANALYTICAL MODELING OF LAMB WAVE PROPAGATION 
Lamb wave modeling can provide wave propagation and wave-damage interaction 
details without experimental cost, providing first-hand guidance of using Lamb waves for 
damage detection [82][83]. There are various methods for Lamb wave modeling, such as 
the analytical method, and finite element method, finite difference method, etc. This 
chapter focuses on the one-dimensional (1D) and two-dimensional (2D) modeling of Lamb 
wave propagation by analytical method, while the finite element method will be covered 
in the next chapter. 
4.1 1D LAMB WAVE PROPAGATION ANALYTICAL MODELING  
We first work on the simple 1D Lamb wave modeling with straight-crested 
wavefront in plate structures. The schematic of the analytical model is illustrated in Figure 
4.1. The plate thickness is 2d, and in-plane harmonic stress 
-( , ) ( ) i tx t x e  = is applied to 
the upper surface of the plate at y = +d. The resulted wave propagation will be evaluated 
with the out-of-plane velocity response. 
 
Figure 4.1: The schematic of the 1D analytical modeling. 
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Figure 4.2: Flowchart of the analytical modeling procedures. 
The modeling flowchart is shown in Figure 4.2 with four major steps. Step 1 is to 
perform the Fourier transform of the time-domain excitation signal to obtain the frequency 
domain excitation spectrum F(ω). Step 2 is to calculate the frequency-domain structural 
transfer function G (x, ω) from the excitation location to the sensing point. Step 3 is to 
multiple the structural transfer function by the frequency-domain excitation signal to obtain 
the frequency domain response signal. Then step 4 is to perform the inverse Fourier 
transform to obtain the time domain waveform. 
4.1.1 DERIVATION OF THE 1D STRUCTURAL TRANSFER FUNCTION 
From the flowchart of the analytical modeling, it can be noticed that to predict the 
Lamb wave propagation, the essential step is to derive the structural transfer function. With 
harmonic point stress excitation, a shear-stress boundary excitation is applied to the upper 
surface of the plate i.e., 
 ( , ) ( )
i tx t x e   −=   (4.1) 




 1 00 0 0( ) , ( ) ( ), ( ) 0, 0xi txy yy xyxy d y d y d
x e x x x       =− =+ = =−
= = = = =  (4.2) 
Since the structural transfer function is derived in the wavenumber and frequency 
domain, the shear-stress is then transferred to the wavenumber domain by Fourier transfer, 
i.e,  
 0( )




= =  (4.3) 











where 2 ( 2 ) /Pc   = +  and 
2 /Sc  =  are the longitudinal (pressure) and transverse 
(shear) wave speeds, and λ is the Lamé constant, and ρ is the mass density. Since the 
excitation in Eq. (4.1) is harmonic, the solutions of two potentials are also harmonic and 
hence 
 
2 2,     H H  = −  = −  (4.5) 
The equation for out-of-plane displacement motion is given below, i.e,  
 ,y y
H d




= − = −
 
 (4.6) 
To solve uy, the two wave potentials Φ, Η need to be solved. Expansion of 
2
operator and substitution of Eq. (4.5) into Eq. (4.4) yields Helmholtz equations for the 
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The Eq. (4.7) must be solved subject to stress boundary conditions at the top and 
bottom surfaces of the plate as given in Eq.(4.2). Apply the space-domain Fourier 






















− + +  =
− + + =
 (4.8) 
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Note that the H  potential is chosen in quadrature with the   potential through the 
factor i ; this choice is convenient for later derivations. The coefficients 1 2 1 2, , ,A A B B  are 
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 (4.13) 
Substitution of Eq. (4.11) into Eq. (4.13) yields 
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  (4.14) 
Then imposition of boundary conditions yields 
 ( )( ) ( )2 2 1 2 1 2sin cos 2 cos sin 0S P P S S S SA d A d B d B d        − + + − =  (4.15) 
 ( )( ) ( )2 2 1 2 1 2sin cos 2 cos sin 0S P P S S S SA d A d B d B d        − − + + + =  (4.16) 
 ( ) ( )( )2 2 01 2 1 22 cos sin sin cosP P P P S S SA d A d B d B d
i

        

− + − + =  (4.17) 
 ( ) ( )( )2 21 2 1 22 cos sin sin cos 0P P P P S S SA d A d B d B d        + + − − + =  (4.18) 
The symmetric motion of the Lamb wave can be solved by adding Eq. (15) and Eq. (16), 
and subtracting Eq. (18) from Eq. (17), which yields the following equation set that leads 
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Similarly, the antisymmetric motion, by subtracting Eq. (16) from Eq. (15), and 
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Substitute A1, A2, and B1, B2 into Eq. (4.6) yields 
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 (4.24) 
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= +  (4.27) 
With the out-of-plane displacement uy solved, the out-of-plane velocity can then be 













= = − −  (4.28) 
Eq. (4.28) is the structural transfer function ( , )G x  for the out-of-plane velocity 
response with point force actuation. 
4.1.2 ANALYTICAL MODELING OF LAMB WAVE PROPAGATION 
With the structural transfer function derived, we execute the analytical model for the Lamb 
wave propagation solution. Lamb wave modeling in a 0.508-mm aluminum 2024-T3 plate 
was conducted. The detailed steps of the model construction are listed below: 
(1) Step 1: Define the excitation signal f(t) and perform the Fourier transform of the time-
domain signal to obtain the frequency domain excitation spectrum F(ω). For a 3-count 
tone burst with a 1.5 MHz center frequency, its time-domain waveform and frequency 




Figure 4.3: (a) Excitation signal and (b) its frequency spectrum. 
(2) Step 2: Calculate the frequency-domain structural transfer function for the out-of-
plane velocity as G (x, ω) from the excitation to the response location. The structural 
transfer function is given in Eq. (4.28). 
(3) Step 3: Multiple the structural transfer function by the frequency domain excitation 
signal to obtain the response signal in the frequency domain. 
(4) Step 4: Perform the inverse Fourier transform to obtain the time domain signal at the 
response.  
The analytical calculated Lamb wave waveforms at two selected propagation 
distances 20 mm and 40 mm were achieved as shown in Figure 4.4a and b, respectively. It 
is seen that there are two wave packages in both Lamb wave signals, with the first arrival 
as S0 mode and the second arrival as A0 mode. By calculating the group velocity using the 
time-of-flight of these two signals from 20 mm to 40 mm, the group velocities of S0 mode 
and A0 mode can be calculated as given in Eq. (4.29). As a result, the group velocity of S0 
mode is obtained as 5.4 mm/μs, and that of A0 mode is 3.06 mm/μs. By comparing to the 
theoretical group velocities as shown in Figure 4.5, the group velocities of S0 and A0 can 































Figure 4.5: Group velocity dispersion curves and validation results. 
1D time-space Lamb wave wavefield from 0 to 50 mm propagation distance is then 
further calculated to have more information of the analytical Lamb waves as given in 
Figure 4.6a. The frequency wavenumber analysis was applied to the 1D wavefield to verify 
the analytical Lamb wave modes. The obtained frequency wavenumber representative was 
given in Figure 4.6b. It is observed that A0 and S0 modes were both achieved by the 
analytical modeling, and A0 mode having a stronger response than S0 mode since A0 mode 
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Figure 4.6: 1D time-space wavefield and f-k spectrum in 0.508-mm aluminum plate. 
Next, the analytical modeling of Lamb waves in thicker plates with 0.635-mm and 
0.812-mm thicknesses are conducted. Similarly, the 1D time-space wavefields of 0.635-
mm and 0.812-mm plates are shown in Figure 4.7a and b, respectively. Their frequency-
wavenumber spectra are given in Figure 4.7c and d, respectively plotted with their 
theoretical frequency-wavenumber dispersion curves for analysis. For Lamb waves in a 
0.635-mm plate, both A0 and S0 modes can be observed from the wavefield, and the A0 
mode has a stronger response as compared to the S0 mode. By comparing its frequency 
wavenumber spectra with its theoretical wavenumbers in Figure 4.7c. It can be verified 
that both A0 and S0 modes are modeled in the plate. In the 0.812-mm plate, both significant 
A0 and S0 mode Lamb waves are observed in the wavefield and verified in the frequency 
wavenumber spectra. Other than that, an additional A1 wave mode is observed in the 
theoretical spectrum and a very weak A1 mode response is noted in the modeling result. 
The Lamb wave modeling results in these three plates with various thicknesses all match 
well their theoretical values, demonstrating 1D analytical modeling has successfully 








Figure 4.7: 1D time-space wavefields of (a) 0.635-mm plate, (b) 0812-mm plate, and their 
frequency wavenumber spectra in (c) and (d) respectively. 
4.2 2D LAMB WAVE PROPAGATION ANALYTICAL MODELING 
In this section, we move into the more complicated modeling of the 2D Lamb wave 
modeling with circular-crested wavefront.  
Different from the 1D straight-crested case, the circular-crested Lamb waves are 
studied in cylindrical coordinates as shown in Figure 4.8, with the plate thickness being 
aligned in the z-axis direction, and the circular wavefront propagating in the r direction 
[25]. Circular-crested Lamb waves are axisymmetric, and the particle displacement has no 

































Figure 4.8 The cylindrical coordinate for circular crested Lamb waves [25]. 
4.2.1 2D ANALYTICAL MODELING WITH IN-PLANE ACTUATION 
We define the circular in-plane excitation has a radius of a and the schematic of the 
2D analytical modeling is given in Figure 4.9 with an in-plane stress actuation and out-of-
plane velocity response. The modeling procedures are the same as the 1D analytical 
modeling as illustrated in Figure 4.2 with the critical step being the derivation of the 
structural transfer function. 
 
Figure 4.9: The schematic of the in-plane excitation and out-of-plane velocity response. 
4.2.1.1 Derivations of the 2D structural transfer function 
The governing equations of the circular crested Lamb waves in isotropic plates in 
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It is seen that in order to calculate uz, two potentials Φ and Η need to be solved. 
Since the excitation ( , ) ( )
i tr t r e   −=  is harmonic in t , the potentials are also harmonic in 
t , i.e., 
 
2= −    ,       2H H= −         (harmonic in t ) (4.32) 
Substitution of Eqs. (4.32) into Eq. (4.30) yields the Helmholtz equations for the 
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   (for the shear potential). (4.34) 
Since structural transfer function is derived in the wavenumber domain, then the Hankel 
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  is the Hankel transform of order 0 of   and 
1J
H  is the Hankel transform of 
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 (4.37) 
The subscripts 0J  and 1J  have been omitted on   and H  in Eq. (4.37) for brevity. 
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Therefore, to calculate Φ and Η, A1, A2, B2, and B2 need to be solved. And it can be 
solved subject to the boundary conditions 
 0 , ( , ) , 0zz rz rzz d z dz d
r t   
= =−=+
= = =  (4.41) 
After applying Hankel transform as 
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  is the Hankel transform of order 0 of zz  whereas ( )
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Substitution of Eq. (4.40) into Eqs. (4.44), (4.45) allows us to express the stresses in terms 
of the constants 1 2 1 2, , ,A A B B , i.e., 
 ( )( ) ( )2 2 1 2 1 2sin cos 2 cos sinzz S P P S S S SA z A z B z B z          = − + + −  
  (4.46) 
 ( ) ( )( )2 21 2 1 22 cos sin sin cosrz P P P P S S SA z A z B z B z          = − − − − +  
  (4.47) 
Then imposition of boundary conditions (4.42) on the stresses given by Eqs. (4.46), (4.47) 
yields 
( )( ) ( )2 2 1 2 1 2sin cos 2 cos sin 0zz S P P S S S S
z d
A d A d B d B d
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  (4.48) 
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  (4.51) 
For the symmetric solution, the addition of the zz  equations, i.e., Eq. (4.48)
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 (4.53) 
Eq. (4.53) represents an algebraic system that 2 1,A B  can be solved provided the system 
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For antisymmetric solution, subtraction of the zz  equations, i.e., Eq. (4.48) Eq.− (4.49), 
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           (symmetric motion) (4.56) 
Eq. (4.56) is associated with particle motion that is antisymmetric about the midplane. In 
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 (4.57) 
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With A1, A2, B1, and B2 solved, Φ and Η can then be acquired. Therefore, for the out-of-






















Then substitute Φ and Η to Eq. (4.60), we get 
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 1 2 1 2cos sin ( sin cos )z P P P P S Su A z A z B z B z      = − + +  (4.61)Then 
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By inverse Hankel transfer with residue theorem, yields 
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  (4.65) 
To compare with the SLDV collected out-of-plane velocity, the analytical out-of-
plane velocity can be further calculated by the derivatives with respect to time as 
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  (4.66) 
Eq. (4.66) is the general structural transfer function for in-plane actuation and out-
of-plane velocity response with the excitation profile as 
1




4.2.1.2 2D Lamb wave modeling with PWAS actuation and experimental validation 
In the case of ideal bonding of a circular excitation source that expands and 
contracts radially, the shear transfer in the bonding layer is concentrated on the source outer 
contour in the form of radially acting horizontal tractions as depicted in Figure 4.9a. The 
radial shear stress applied to the plate top surface can be described as 
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Substitution of Eq. (4.68) into Eq. (4.65) gives the radial velocity on the top surface of the 
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where 1J  is the Bessel function of the first kind and order 1, and 
(1)
1H  is the Hankel 
function of the first kind and order 1. The summation is taken over all the symmetric, 
S , 
and antisymmetric, 
A , Lamb wave modes that exist at a given frequency in a given plate. 
The expressions SD  and AD  are derivatives of SD  and AD  with respect to   at the 
corresponding 
S and A  poles. 
The circular crested Lamb wave modeling in a 1-mm aluminum plate with 3-count 
200 kHz excitation by 7-mm PWAS is conducted with the result given in Figure 4.10a, b, 
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and c at selected time 15 μs, 30 μs, and 50 μs. Figure 4.10a shows Lamb waves are 
generated by the circular excitation source. Figure 4.10b and c demonstrate the Lamb 
waves propagate forward with a circular wavefront.  
 
Figure 4.10: The analytical Lamb wave modeling results of 2D wavefields at (a) 15, (b) 
30, and (c) 50 μs with in-plane excitation. 
1D wavefield of the Lamb wave is extracted from 0 to 250 mm is given in Figure 
4.11a. Its frequency wavenumber representative is then obtained by transferring from the 
1D wavefield using the 2DFT method as shown in Figure 4.11b plotted with the theoretical 
wavenumber values. It is noted that a dominant A0 mode is generated in the plate with a 
very weak S0 mode. 
 
Figure 4.11 The analytical modeling result of (a) 1D Lamb wavefield and (b) its frequency 
wavenumber spectrum with in-plane excitation. 
15 μs 50 μs 30 μs 








The Lamb wave signals at selected representative propagation distances of 100 mm 
and 150 mm are extracted for analysis as given in Figure 4.12a and b, respectively. 
Observing the waveforms, it is seen that both S0 and A0 modes are observed, and the A0 
mode has a much stronger response as compared to the S0 mode. This is because at 200 
kHz, A0 mode Lamb waves have dominant out-of-plane velocity. Besides, it is seen that 
as the propagation distance increases, the Lamb wave S0 and A0 wave package is more 
dispersive. This is because the S0 mode has a larger group velocity than that of A0 mode, 
thus the A0 and S0 modes have a large difference in arrival time. 
 
Figure 4.12: The analytical modeling Lamb wave signals at (a) 50 mm, (b) 100 mm, and 
their validations with experiment data in (c) and (d) respectively. 
The modeling waveforms are validated by the waveforms excited by the PWAS 
with the same excitation. The waveform comparisons of the modeling results and 
experimental results are plotted together in Figure 4.12c and d respectively. The 


















achieved, thus the 2D analytical modeling of the Lamb wave propagation is validated 
experimentally.  
4.2.2 2D ANALYTICAL MODELING WITH OUT-OF-PLANE EXCITATION 
We also conducted the 2D analytical modeling of the Lamb waves using out-of-
plane stress excitation. The circular out-of-plane stress excitation is in the profile of a radius 
of a and pointing downward along the z-direction as illustrated in Figure 4.13a. The 
detailed schematic of the 2D modeling with out-of-plane excitation and out-of-plane 
velocity response is illustrated in Figure 4.13b. 
 
Figure 4.13: The schematic of the 2D Lamb wave modeling with out-of-plane excitation. 
The boundary condition of the out-of-plane stress excitation can be obtained as 
given in Eq. (4.70). Then the structural transfer function under this boundary condition can 
be derived with the same procedures as the in-plane excitation. The final form of the 
general structural transfer function for the out-of-plane stress excitation is given in Eq. 
(4.72) with the excitation profile as 
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4.2.2.1 Characterization of Lamb wave modeling with circular out-of-plane wave source 
To find out the difference that may arise in the Lamb waves when different in-plane 
and out-of-plane excitations are used. In the case of concentrated stress at the out contour 










( ) ( )
( ) ( )
2 ( )














v r H r e
D
J a Na





















First, the 2D Lamb wave modeling with the same excitation signal used in Section 
4.2.1 is conducted. The 2D Lamb wave wavefield results of 15 μs, 30 μs, and 50 μs are 
presented in Figure 4.14a, b, and c, respectively. It can be noted that the Lamb wave 
propagation with circular wavefront is generated using the out-of-plane excitation. 
 
Figure 4.14: The analytical Lamb wave modeling results of 2D wavefields with out-of-
plane excitation at (a) 15, (b) 30, and (c) 45 μs with out-of-plane excitation. 
(a) (b) (c) 
15 μs 50 μs 30 μs 
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The 1D wavefield of the Lamb wave is extracted from 0 to 250 mm as given in 
Figure 4.15a. Its frequency wavenumber representative is then obtained by transferring 
from the 1D wavefield using the 2DFT method as shown in Figure 4.15b plotted with the 
theoretical wavenumber values. As it can be noted that dominant A0 mode is generated in 
the plate with very weak S0 mode. 
 
Figure 4.15: The analytical modeling result of (a) 1D Lamb wavefield and (b) its frequency 
wavenumber spectrum with out-of-plane excitation. 
Then, the Lamb wave signals two selected propagation distances of 100 mm and 
150 mm are given in Figure 4.12a and b, respectively. Dominant A0 mode Lamb waves 
are seen in all three signals, while the S0 mode is much weaker. To find out the difference 
that may arise in the resulted Lamb waves when different excitations, in-plane or out-of-
plane are used, the three Lamb wave signals are then plotted together with Lamb wave 
signals of the in-plane excitation at the same propagation distances as demonstrated in 
Figure 4.12d, e, and f. Through comparison, a good match of A0 mode Lamb wave signals 
is obtained in all three distances. However, for S0 mode, from all three signal comparisons, 
it is seen that stronger responses are achieved with in-plane excitation. The comparison 
demonstrated that with either in-plane or out-of-plane excitation, there is no influence on 








stronger S0 mode Lamb wave response will be achieved when using in-plane excitation. 
Future work shall be conducted to further understand the difference in the Lamb waves 
caused by the difference in excitation methods.  
 
Figure 4.16: The analytical modeling of Lamb wave signals with out-of-plane excitation at 
(a) 100 mm and (b) 150 mm, and their comparisons with Lamb waves with in-plane 
excitation in (c) and (d), respectively. 
4.2.2.2 Laser generated Lamb wave analytical modeling 
In the case of laser actuation, the analytical expression of the actuation [148] is 
given as 
 ( ) ( ) ( )r H r H r a = − −  (4.73) 
where the H (r) function Heaviside step function. The excitation expression after the 
Hankel transfer function is given in Eq. (4.74) and the specific structural transfer function 
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The pulsed laser Lamb wave modeling is then performed with a pulse excitation 
signal as shown in Figure 4.17a with its frequency spectrum given in Figure 4.17b. A 
representative Lamb wave signal at 50 mm propagation distance is presented in Figure 4.18. 
Both A0 and S0 modes can be observed from the waveform with A0 mode has a dominant 
response while S0 mode has a much weaker response. To have more information on the 
Lamb wave propagation, the time-space wavefield of the pulsed laser Lamb wave signals 
are presented in Figure 4.19. Similarly, dominant A0 Lamb waves following behind the 
much weaker S0 mode are observed. And since the pulsed laser is a broadband excitation, 
significant dispersive A0 Lamb wave propagation is observed in the wavefield. 
 





Figure 4.18: Analytical waveform of pulsed laser Lamb wave at 50 mm. 
 
Figure 4.19: Analytical time-space wavefield of pulsed laser Lamb waves. 
 
Figure 4.20: Pulsed laser Lamb wave system with scanning laser Doppler vibrometer for 
out-of-plane velocity measurement [192]. 
To validate the analytical modeling result, the experiment work is conducted using 
a pulsed laser and SLDV Lamb wave system [107] as shown in Figure 4.20. A pulsed laser 
is used for out-of-plane excitation and the SLDV is employed for out-of-plane velocity 











experiment waveform is presented in Figure 4.21 with the modeling result and experiment 
result shown in Figure 4.21a and b, respectively. Both weaker S0 mode and dominant A0 
mode are observed in these two waveforms, and a good match between them is achieved. 
 
Figure 4.21: Waveform validation through comparison of (a) the analytical result and (b) 
the experimental result at 50 mm. 
 
Figure 4.22: Time-space wavefield validation through comparison of the (a) analytical 
wavefield and (b) the experimental wavefield. 
The wavefield comparison is given in Figure 4.22. A good match of the wavefield 
between the analytical modeling and experiment is achieved with consistent dominant 
dispersive A0 mode and weaker S0 mode showing in the wavefield, demonstrating that the 













CHAPTER 5  
FINITE ELEMENT MODELING OF LAMB WAVE PROPAGATION 
Finite element methods (FEM) have been widely used as a convenient easy-to-use 
tool for ultrasonic wave propagation and its interaction with structural discontinuities. This 
chapter studies Lamb wave propagation and wave-discontinuity interaction using FEM 
simulations. Besides, Lamb wave propagation at a representative low frequency and a 
representative high frequency are conducted using FEM. Next, symmetric and 
antisymmetric excitations at the top and bottom surfaces are used for symmetric and 
antisymmetric Lamb wave modeling. Other than that, Lamb wave propagation in plates 
with various thicknesses is performed to model Lamb wave sensitivity of the plate 
thickness change. 
5.1 MODELING OF SYMMETRIC AND ANTISYMMETRIC MODES  
In this dissertation, commercial software ANSYS is used for Lamb wave FEM 
modeling. The model is conducted on a 2024-T3 aluminum plate with a dimension of 200 
mm × 200 mm × 1 mm. The Young’s modulus, Poisson’s ratio, and density of the 
aluminum plate are 73 GPa, 0.33, and 2.78 kg/m3, respectively. The schematic of the FEM 
model of the plate is given in Figure 5.1. A line force Fx is applied to the edge element for 
Lamb wave actuation as shown in Figure 5.1. The line excitation source uses a three-count 
tone burst at 120 kHz. In this study, the A0 mode Lamb wave has the minimum wavelength, 
which is around 8.65 mm at 120 kHz. The SOLID 45 structural solid element is chosen to 
model the specimen. To achieve a good convergence of the FEM simulation [149], the 
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element size is therefore defined at 1 mm. Besides, the sampling rate related to the time 
step of the modeling is set as 4 MHz. There are 500 steps in total. The transient analysis 
was conducted in ANSYS to simulate Lamb wave propagation due to line force excitation 
with a three-count tone burst. 
 
Figure 5.1: (a) The schematic of the modeling with a line force excitation at the top surface 
and (b) the 3D model of 1-mm 2024-T3 aluminum plate in ANSYS. 
 
Figure 5.2: Lamb wave simulation results at 120 kHz in a 1-mm aluminum plate with line 
force excitation at the top surface: (a) waveform at 80 mm (b) time-space wavefield; (c) 



















To study Lamb wave propagation, the waveform and the time-space wavefield of 
Lamb waves are plotted, as shown in Figure 5.2a and b. It can be found that both weak S0 
mode and strong A0 mode are observed. To verify the Lamb wave mode, the frequency 
wavenumber spectrum is achieved by transferred from time-space wavefield by 2DFT 
method. It is plotted with the theoretical frequency-wavenumber dispersion curve as 
presented in Figure 5.2c. By matching the simulated value with the theoretical value, it is 
seen that A0 mode and S0 mode are successfully generated. 
 
Figure 5.3: The modeshapes at 120 kHz of (a) S0 mode; (b) A0 mode. 
From the fundamental studies in Chapter 3, their modeshapes of S0 mode and A0 
mode in the plate at 120 kHz can be obtained as shown in Figure 5.3. It shows that S0 ux 
displacement is symmetric across the thickness, whereas A0 ux displacement is 
antisymmetric. This indicates single S0 or A0 mode excitation can be achieved by applying 
either symmetric force or antisymmetric force at the top and bottom surfaces, respectively 
[25]. Both symmetric and antisymmetric excitations are conducted as illustrated in Figure 
5.4a and b. 
120 kHz 
(a) (b) 




Figure 5.4: The schematic of Lamb wave modeling in a 1-mm 2024-T3 aluminum plate 
with (a) symmetric actuation for symmetric modes; (b) antisymmetric actuation for 
antisymmetric modes. 
 









= =  (5.1) 
We first look at the results from symmetric Lamb wave excitation. Lamb wave 
signals at 10 mm and 20 mm are obtained and given in Figure 5.5. The time-of-flight (TOF) 
from the waveforms can be estimated and then derive the group velocity of the simulated 
wave being about 5170 m/s, matching well with the theoretical group velocity at 120 kHz 
(5403 m/s). The time-space wavefield of S0 mode is shown in Figure 5.6a. Single-mode 
wave propagation is noted, and the frequency wavenumber spectrum is achieved by 




















It is plotted with the theoretical frequency-wavenumber dispersion curve as presented in 
Figure 5.6b. By matching the simulated value with the theoretical value, it is seen that a 
single S0 mode is successfully generated. 
 
Figure 5.6: Lamb wave simulation results with symmetric excitation at top and bottom 
surfaces at 120 kHz: (a) time-space wavefield; (b) frequency-wavenumber spectrum. 
 
Figure 5.7: Antisymmetric Lamb wave simulation at 120 kHz: (a) time-space wavefield; 
(b) frequency-wavenumber spectrum. 
Similarly, for the antisymmetric excitation, the obtained time-space wavefield and 
its frequency wavenumber spectrum are given in Figure 5.7a and b. The results show that 










5.2 MODELING OF HIGH-FREQUENCY SYMMETRIC AND ANTISYMMETRIC 
LAMB WAVES 
In this section, the FEM simulation of Lamb wave propagation at 3 MHz is 
conducted to investigate the wave behavior at high frequencies. The theoretical wavelength 
of the Lamb waves is significantly smaller than that of 120 kHz, as shown in Figure 5.8.  
 
Figure 5.8: Wavelength dispersion curves of a 1-mm aluminum plate. 
To achieve convergence of the simulation, the element size of the modeling needs 
to be further refined for smaller wavelengths as well as the sampling frequency needs to be 
increased. However, as the element size and time step become smaller, the total element 
numbers and total calculation steps will tremendously increase. This demands a higher 
computer configuration and longer computing time to finish the calculation. In this work, 
the element size is set to 0.1 mm, and the sampling rate is set to 50 MHz. Besides, the plate 
model is trimmed to 100mm × 100mm × 1mm with a total element number of around 4.5 
million to short the computing time.  
With the line excitation at the top surface only, the predicted Lamb wave wavefield 
and its frequency wavenumber spectrum are given in Figure 5.9a and b, respectively. It can 
be noted that all symmetric modes (A0 and A1) and antisymmetric modes (S0, S1, and S2) 









coexist in the plate, which is consistent with the theoretical wavenumber dispersion curves. 
It demonstrated that Lamb waves are multimodal. Next, symmetric and antisymmetric 
excitations are conducted to see if multiple symmetric modes or multiple antisymmetric 
modes will be actuated at high frequencies. 
 
Figure 5.9: Lamb wave excitation with all modes: (a) time-space wavefield; (b) frequency-
wavenumber spectrum. 
The obtained time-space wavefield and its frequency wavenumber spectrum with 
symmetric excitation are given in Figure 5.10a and b, respectively. It is seen that multiple 
symmetric modes, S0, S1, S2, are excited by symmetric excitation. The obtained time-
space wavefield and its frequency wavenumber spectrum with antisymmetric excitation is 
given in Figure 5.11a and b, respectively. It can be found that multiple antisymmetric 
modes, A0, A1, are generated by the antisymmetric excitation.  
 



















Figure 5.11: Antisymmetric mode excitation at 3 MHz: (a) time-space wavefield, and (b) 
frequency-wavenumber spectrum. 
5.3 LAMB WAVES IN MATERIALS WITH DIFFERENT THICKNESSES 
From the fundamental studies given in Chapter 3, it is known that Lamb waves are 
significantly affected by the thickness of the plate in which they propagate. In this section, 
we excite Lamb waves at various plate thicknesses with a very small difference and 
compare the resulted wave features to the theoretical values.  
 
Figure 5.12: Lamb wave in the aluminum plate with 0.508 mm thickness: (a) time-space 
wavefield, and (b) frequency-wavenumber spectrum. 
Lamb wave modeling in plates with various thicknesses (0.508 mm, 0.635 mm, and 
0.812 mm) is selected for the modeling of the aluminum 2024-T3 plates. The time-space 
wavefield of Lamb wave modeling in a 0.508 mm plate is given in Figure 5.12a. Both A0 
and S0 modes are observed in the wavefield, and the dominant A0 mode is noted with a 
















overlapped with the theoretical frequency wavenumber values. It is noted in Figure 5.12b 
that the A0 and S0 wavenumbers match well with the theoretical values, which indicates 
the Lamb waves have been successfully modeled in the 0.508-mm aluminum plate. 
 
Figure 5.13: Lamb wave in materials with different thicknesses: (a) time-space wavefield 
in 0.635-mm aluminum plate; (b) time-space wavefield in 0.812-mm aluminum plate; (c) 
frequency-wavenumber spectrum in 0.635-mm aluminum plate; (d) frequency-
wavenumber spectrum in 0.812-mm aluminum plate. 
Similarly, the Lamb wave modeling wavefields of thicker 0.635-mm and 0.812-
mm plates are shown in Figure 5.13a and b, respectively. A0 and S0 wave propagation 
patterns are observed from the wavefields in both plates. Next, their frequency 
wavenumber spectra are obtained and plotted with their theoretical frequency wavenumber 
spectra given in Figure 5.13c and d, respectively. A good match between the simulated 
values and their theoretical values is observed, and it can be concluded that Lamb waves 














To evaluate the FEM predicted A0 wavenumbers’ sensitivity to the plate thickness, 
the predicted A0 wavenumber dispersion curves are extracted and overlapped with the 
theoretical values given in Figure 5.14a and b for 0.812 mm and 0.508 mm plates 
respectively. A good match between the simulated values and the theoretical values are 
achieved.  
 
Figure 5.14: Lamb wave frequency-wavenumber curves of A0 Lamb waves in various 
thickness plates (a) 0.812 mm; (b) 0.508 mm. 
 
Figure 5.15: The overall comparison between the simulated wavenumber and the 
theoretical values in the plate with various thicknesses. 
The overall comparison between the simulated A0 wavenumbers and the theoretical 
values of all these plates are plotted in Figure 5.15. It is seen that the same trend of the 
wavenumber sensitivity to the thicknesses are achieved, which indicates that the similar 




that FEM modeling is capable to generate Lamb waves in plates with slightly different 
thickness precisely.  
5.4 LAMB WAVE PROPAGATION AND INTERACTION WITH STRUCTURAL 
DISCONTINUITY 
The modeling of Lamb waves in a 1-mm aluminum plate with a discontinuity is 
performed to understand the wave behavior while interacting with a discontinuity. An 
aluminum plate with a dimension of 200 mm × 100 mm × 1 mm is modeled. The excitation 
signal is a 3-count tone burst with a center frequency of 120 kHz, and the out-of-plane 
point force Fz is applied at the center of its left edge on the top surface of the plate as 
illustrated in Figure 5.16. A through-thickness hole with a 10-mm diameter is created at 
the center of the plate to simulate the discontinuity in the structure. Non-reflective 
boundary (NRB) developed by Shen and Giurgiutiu [150] can eliminate boundary 
reflections, and thus allow for the simulation in an infinite medium with small-size models. 
It should be noted that the NRB is applied in the FEM modeling to minimize the boundary 
reflections.  
 
Figure 5.16: The wave-damage interaction modeling in the aluminum plate. 
First, the wave propagation in the pristine structure without the hole is conducted 
for comparison. The wavefield propagation snapshots at the representative time of 48 μs, 







are successfully generated in the structure with a circular wavefront. It keeps propagating 
forward in the structure continuously without any interruptions. Next, the wave 
propagation in the plate with a hole at the representative time of 48 μs, 72 μs, and 84 μs 
are given in Figure 5.17d, e, and f, respectively. Figure 5.17d demonstrates the waves are 
successfully generated in the plate with a hole and just started to interact with the hole. 
Figure 5.17e demonstrates the waves are interacting with the hole. Strong scattered waves 
are observed in the wavefield as compared to the pristine condition in Figure 5.17b. Figure 
5.17f shows the waves after interacting with the hole. As it can be noted that some waves 
are scattered at the hole location in all directions, and some waves are transmitted through 
the hole and keep propagating forward.  
 
Figure 5.17: The wavefield snapshots of the pristine plate at (a) 48 μs, (b) 72 μs, and (c) 84 
μs; and the wavefield snapshots of the damaged plate at (d) 48 μs, (e) 72 μs, and (f) 84 μs. 
Detailed waveform comparison analysis of the pristine plate and hole plate is 
performed. Waveforms on the left side of the hole located at 50 mm in the pristine plate 
and hole plate are extracted as given in Figure 5.18a and b, respectively. In the waveform 
of the pristine plate, only one dominant first arrival is observed, which indicates the 
incident waves that propagating forward in the plate. However, in the waveform of the hole 
plate, except for the dominant first arrival, two weak second and third arrivals are also 
(a) (b) (c) 
(d) (e) (f) 
48 μs 72 μs 84 μs 
48 μs 72 μs 84 μs 
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noted, which are scattered waves from the hole location. The comparison shows that the 
scattered waves are introduced by the discontinuity in the plate.  
 
Figure 5.18: Lamb wave modeling signal of the pristine plate at (a) 50 mm, and signal of 
the plate with a discontinuity at (b) 50 mm. 
 
Figure 5.19: Lamb wave modeling signal of the pristine plate at (a) 150 mm, and signal of 
the plate with a discontinuity at (b) 150 mm. 
Waveforms on the right side of the hole located at 150 mm in the pristine plate and 
hole plate are extracted as shown in Figure 5.19a and b, respectively. Similarly, only one 
dominant first arrival is observed in the waveform of the pristine plate. However, in the 
waveform of the hole plate, scattered waves are also noted except for the dominant first 
arrival. By comparing the signal strength of the first arrivals of these two signals, it is noted 
that the signal amplitude of the hole plate decreased. This indicates that after interacting 
with the hole, the signal amplitude of the transmitted waves decreased.  
(a) (b) 










Figure 5.20: Time-space wavefield: (a) pristine plate; (b) hole plate; and its frequency-
wavenumber spectrum: (c) pristine plate; (d) hole plate. 
The time-space wavefields of the pristine and hole plates are extracted from 0 to 
200 mm along the wave propagation path and presented in Figure 5.20a and b, respectively. 
Significant reflections are observed in the hole plate wavefield as compared to the pristine 
plate wavefield. Other than that, the transmitted waves in the hole plate are seen to be 
weaker as compared to the waves in the pristine plate. To further compare the wavenumber 
signatures of these two wavefields, their frequency wavenumber spectra are then obtained 
by the 2DFT method and shown in Figure 5.20c and d, respectively. It is seen that in the 
pristine plate, dominant A0 waves propagating forward with positive wavenumbers are 
observed. However, in the hole plate, except for the positive wavenumbers of A0 mode, 
negative wavenumbers are also observed, which represents the reflected A0 waves 


















propagating backward and further confirms that part of A0 mode Lamb waves are reflected 





PART Ⅱ: NON-CONTACT LAMB WAVE NDE METHODOLOGY 
DEVELOPMENT 
CHAPTER 6  
NON-CONTACT ACT ACTUATION AND SENSING STUDY 
The non-contact air-coupled transducers (ACT) actuate and sense waves using air 
as the couplant with a stand-off distance to the host structure. In this chapter, detailed 
calibrations of the ACT resonant frequency, focal length, and beam profile for wave 
actuation are presented. Next, the ACT actuation for pure mode Lamb wave based on 
Snell’s law and its optimization by incident angle tuning is conducted. Other than that, non-
contact ACT sensing of Lamb waves actuated by PWAS is conducted with the capability 
of using the ACT receiver for Lamb wave sensing demonstrated. 
6.1 ACT AND AIRSCAN SYSTEM INTRODUCTION 
 ACT uses air as couplant and actuates or senses waves with a stand-off distance to 
the host structure. For actuation, energy transmitted into the host structure depends on the 
difference of acoustic impedance between the air and solid. As the impedance difference 
increases, the transmission efficiency decreases. For example, at the interface between steel 
and water, 35% of the signal is transmitted, while between the steel and air, it is only 0.6% 
[146]. Such that for ACT actuation, the energy transmitted into the host structure is very 
weak. Hence, extremely low energy transmission efficiency at the interface is the most 
challenging part of ACT actuation. To improve the ultrasonic input into the material being 
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inspected, there are several approaches: (1) maximum actuation output from the transmitter 
with high voltage; (2) minimize the energy loss through the system by using resonant type 
transducer, and (3) further improve the actuation by focus lens to a focused ultrasonic beam. 
In the past decades, there were two ACT designs, the piezoelectric transducer, and the 
electrostatic transducer. In this dissertation study, the non-contact piezoelectric ACT will 
be adopted for actuation. It is based on the common piezo-ceramic element as it is in 
conventional contact transducers. First, it maximized the actuation output by using a 
resonant transducer with narrowband excitation. Besides, a further improvement in 
efficiency can be obtained by using an acoustic lens to focus the sound energy. What’s 
more, a specialized high-power signal generator can greatly improve the actuation input to 
the material. This specialized signal generator is usually designed with adjustable actuation 
frequency to match the ACT resonant frequency for maximum actuation. 
As introduced above, ACTs are usually used in combination with specialized signal 
actuation/acquisition system for high-power actuation. Many are available in the market. 
The transducers and the accompanied actuation/acquisition system (Figure 6.1a) from 
QMI2 are used in this dissertation study. There are three pairs of resonant type ACTs with 
resonant frequencies at 120 kHz (Figure 6.1b, model #: AS120Ti and AS120Ri), 225 kHz 
(Figure 6.1c, model #: AS225Ti and As225Ri), and 400 kHz (Figure 6.1d, model #: 
AS400Ti and AS400 Ri). These transducers in red are transmitters and transducers in blue 
are receivers. The diameter of these ACTs is 25 mm. They are spherical focusing 
transducers with a curved ceramic surface designed for beam focusing for a further 
increment of the actuation energy. The nominal focal length of the transducers is 30 mm 
 
2Quality Material Inspection, Inc. https://www.qmi-inc.com/airscan.php  
 
87 
provided by the manufacture. The receives are embedded with built-in preamplifiers to 
improve the sensing sensitivity. 
 
Figure 6.1: The signal actuation/acquisition system and air-coupled transducers. (a) the 
Airscan system for signal generator and acquisition. A pair of ACTs at (b) 120 kHz, (c) 
225 kHz, (d) 400 kHz.  
By operating the tuning from 0% to 100%, the actuation frequency can be tuned in 
a specific range that covers the resonant frequency as given in Table 6.1. For the 120 kHz 
ACT, the frequency can be tuned from 94 kHz to 152 kHz; for 225 kHz ACT, the frequency 
can be tuned from 178 kHz ~ 308 kHz; and for 400 kHz ACT, the frequency can be tuned 
from 345 kHz ~ 510 kHz. 
Table 6.1: The frequency tuning range of the Airscan system for ACTs 
ACT model number Frequency range (tuning: 0% ~ 100%) 
AS120Ti 94 kHz ~ 152 kHz 
AS225Ti 178 kHz ~ 308 kHz 
AS400Ti 345 kHz ~ 510 kHz 
 
For the excitation pulse train, it can be controlled by three important parameters: 
(1) excitation frequency f, which is the ACT resonant frequency; (2) count number of the 
pulse (from 1 ~ 15), which controls the energy of the excitation; and (3) pulse repetition 
frequency (PRF), at which rate the pulse trains are generated (options available: 150, 200, 
300, 500 Hz). Air-coupled transducers can be used in both the pressure wave method and 
Lamb wave method as shown in Figure 6.2. For the pressure wave method, the transducers 
are placed normal to the plate surface for actuation or sensing. For the Lamb wave method, 
(b) (c) (d) (a) 
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the transducers are obliquely placed to the plate surface with an incident angle and a 
receiving angle for actuation and sensing [147].  
 
Figure 6.2: Air-coupled ultrasonic inspection method. (a) Pressure wave method, (b) Lamb 
wave method [147]. 
The ACT actuators can be combined with other types of sensors, such as 
piezoelectric wafer active sensors (PWAS), or scanning laser Doppler vibrometer (SLDV) 
for ultrasonic inspection applications. For optimal ACT actuation, the fundamental work 
is to calibrate the ACT and operate the Airscan system. Hence, the subsequent works 
performed below are (1) the resonant actuation frequency tuning; (2) the ACT focal length 
measurement; and (3) focal zone calibration. There are pressure wave mode and guided 
wave mode ACT applications as introduced in Chapter 1. For convenience and simplicity, 
the calibration is performed in the pressure wave mode, and well-established PWAS is 
adopted for sensing. The typical schematic ACT-PWAS experimental setup is given in 
Figure 6.3. The Airscan system sends the excitation signal to the ACT for actuation. The 
ACT is placed normal to the specimen for pressure wave actuation. A PWAS is bounded 
on the plate specimen for sensing. A digital oscilloscope (model #: DPO 5034) from 
Tektronix is adopted for data acquisition with a trigger signal generated from the Airscan 
system for synchronization. The sampling frequency for data acquisition is 1 MHz. In this 
calibration, a 1-mm thick aluminum plate is adopted to perform the calibration study. 
(a) (b) 
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Figure 6.3: A typical setup of ACT actuation and PWAS sensing system. 
6.2 ACT RESONANT FREQUENCY CALIBRATION 
The ACT is a resonant type transducer with a resonant frequency that is related to 
the material properties and its physical dimension. The maximum actuation can be 
achieved when the frequency of the actuation signal matches with the ACT resonant 
frequency. The theoretical resonant frequency of 120 kHz is provided by the manufacture. 
However, in practice, the actual resonant frequency of the ACT may be different from the 
theoretical value. Hence, it is important to calibrate the ACT resonant frequency for 
optimal actuation. In this section, 120 kHz ACT (As120Ti) is selected for resonant 
frequency tuning. The distance from the ACT to the specimen surface is set as 30 mm 
based on the nominal focal length provided by the manufacture. The excitation signal is set 
as a 5-count pulse train with PRF set as 200. For optimal excitation response tuning, the 
frequency is tuned from 0% ~ 100% with a step of 2%. At each tuning rate, the ultrasonic 
waveform sensed by the PWAS is recorded. For the representative purpose, the waveforms 




Figure 6.4: Ultrasonic waveforms are recorded at each tuning rate. Waveform examples of 
(a) 50% tuning rate, and (b) 60% tuning rate. 
The waveform of a 50% tuning rate (Figure 6.4a) shows a smoother wave package 
than that of a 60% tuning rate (Figure 6.4b). On the other hand, the latter shows higher 
amplitude than the former. It indicates that at different tuning rates, the ultrasonic signal 
will have different waveform patterns and have different amplitudes. To analyze the 
excitation response at each tuning rate, the Fourier-transform analysis (FT) method is 
applied to the waveform to obtain the signal frequency spectrum as shown in Figure 6.5. 
 
Figure 6.5: Resonant frequency and magnitude results of ACT excitation response at 
different tuning rates. Results of (a) 50% rate, and (b) 60% rate. 
At the 50% tuning rate (Figure 6.5a), the resonant frequency is 119.6 kHz with a 
magnitude of 0.5 V. While at 60% tuning rate (Figure 6.5b), the resonant frequency is 
123.8 kHz with 0.4 V magnitude. To further analyze the resonant frequency and magnitude 
of each tuning rate, the frequency spectrum of each waveform is obtained by the FT method. 
(a) (b) 
119.6 kHz 





Then all the magnitudes of these tuning rates are measured, and they are plotted versus the 
tuning rate as shown in Figure 6.6. It is noticed that from 0% to 30%, the resonant 
magnitude seems to keep constant at the beginning. Then, from 20% to 30%, it slightly 
decreases and reaches its lowest value at 30%. However, from 30% to 50%, as the tuning 
rate increases, the magnitude increases obviously and reaches its maximum value at a 50% 
tuning rate. Whereas, as the tuning rate further increases from 50% to 100%, the magnitude 
decreases sharply from 50% to 70%, then slightly decreases from 70% to 100%.  
Observing the overall trend of the magnitude change, the maximum magnitude is 
obtained at the 50% tuning rate. Hence, at the 50% tuning rate, the resonant actuation has 
been achieved with maximum magnitude. Besides, from the frequency spectrum of the 50% 
tuning rate (Figure 6.5a), the resonant frequency was obtained as 119.6 kHz. It matches 
very well with the nominal resonant frequency of a 0.3% error. 
 
Figure 6.6: The ACT optimal resonant result with magnitude plotted with different tuning 
rates. It shows the optimal resonant happens at the 50% tuning rate. 
6.3 THE ACT FOCAL LENGTH CALIBRATION 
The sound that emanates from the ACT transducer does not originate from a point 
but instead originates from most of the surface of the piezoelectric element. Round 




resembles a cylindrical mass in the front of the transducer. The sound field from a typical 
round piezoelectric transducer is shown below in Figure 6.7. 
 
Figure 6.7: Near field and far-field of a flat transducer [151]. 
Since the ultrasound originates from numbers of points along the transducer surface, 
the ultrasound intensity along the beam is impacted by constructive and destructive wave 
interference and this leads to extensive fluctuations in the sound intensity near the source 
and is known as the near field. The pressure wave combines to form a relatively uniform 
front at the end of the near field. The area beyond the near field where the ultrasonic beam 
is more uniform is called the far-field [151]. In the far-field, the beam spreads out in a 
pattern originating from the center of the transducer. The transition between the near field 
and the far-field occurs at a distance, N. The near/far-field distance, N, is significant 
because amplitude variations that characterize the near field change to a smoothly declining 
amplitude at this point. Due to the acoustic variations within a near field, it can be 
extremely difficult to accurately evaluate flaws in materials when they are positioned 
within this area. The area just beyond the near field is where the sound wave is well 
behaved and at its maximum strength. Therefore, optimal detection results will be obtained 





Amplitude variations  











Where D is the transducer diameter; f is the frequency, c is the sound velocity in 
the material. The distance N sometimes referred to as the “natural focus” of a flat (or 
focused) transducer as indicated in Figure 6.8a. However, for spherical or cylindrical 
focusing transducers, the distance N will be changed by “pulling” the focal length closer to 
the transducer due to the change of the transducer structure as shown in Figure 6.8b. Hence, 
for focusing transducers, the focal length is designed by changing the transducer structure 
and it is smaller than the focusing transducers with the same dimension. In Figure 6.8b, the 
sound beam is focused in the focal zone, after the focal zone, the far-field starts. For 
focusing transducer actuation, the signal in the focal zone reaches its peak, but the signal 
in the near field is extensive fluctuated, and the signal in the far-field is spread out and 
weak. Hence, it is important to actuate in the focal zone when using a focusing transducer. 
 
Figure 6.8: The focal length within sound beams of different transducers. The focal length 
of (a) flat transducer, and (b) spherical focusing transducer [151]. 
In this research, the adopted ACT is a spherical focusing transducer with a 30 mm 
theoretical focal length. In practice, the actual focal length is difficult to be the same as the 
theoretical value. To better use the ACT for actuation, in this section, the focal length of 










the ACT axis is illustrated in Figure 6.9. The experiment setup in Figure 6.3 is used in this 
part. The ACT actuation frequency is set at 120 kHz with a 50% tuning rate based on 
optimal resonant tuning. The actuation is a 5-count number pulse train with a 200 PRF rate. 
For focal length calibration, the ultrasonic waveforms of d varying from 0 to 60 mm are 
collected with a 1 mm interval. 
 
Figure 6.9: The distance d illustration for focal length calibration. 
 
Figure 6.10: The 120 kHz ACT near field acoustic signals at (a) d = 20 mm, (b) d = 24 mm, 
and far field acoustic field at (c) d = 25 mm and (d) d = 30 mm. 
For demonstration purposes, signals selected at 20 mm, 24 mm, and 25 mm, and 
30 mm are shown in Figure 6.10. For signals at 20 mm (Figure 6.10a) and 24 mm (Figure 
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field signals. While observing signals at 25 mm and 30 mm, the significant change happens 
that there is only one dominant wave package in the signal, which indicates they are far-
field signals. Whereas, the focal length N of the ACT can be measured as 25 mm. As we 
further compare the signals in the far-field at 25 mm and 30 mm, it is seen that the signal 
strength decreases as the distance increases. Then the peak to peak amplitude of the signal 
at 25 mm is measured as 12.9 mV, and it is 8.2 mV for the signal at 30 mm. As the signal 
propagated from 25 mm to 30 mm, the signal attenuation is obtained as 4.7 mV. 
 
Figure 6.11: The signal attenuation as the distance d along with the ACT axis direction 
To observe the signal attention in the far-field along the ACT axis, the peak to peak 
amplitudes for these signals from 25 mm to 60 mm all are measured, and they are plotted 
versus distance d in Figure 6.11. It shows that in the far-field, as the distance d increases, 
the signal decreases. Hence, the optimal actuation distance for the ACT is d = 25 mm. 
6.4 THE ACT FOCAL ZONE AND FAR FIELD BEAM PROFILE STUDY 
For the focusing transducer, there’s a focal zone where the sound beam is focused 
at the transducer axis center (Figure 6.8b). After the focal zone, the sound beam in the far-
field will diverge and result in low signal intensity. To characterize ACT acoustic beams, 
such as the focal zone distance and far-field divergence, the ACT beam profile at different 
distance d is experimentally measured. The experiment setup in Figure 6.3 is adopted in 
this part. The ACT actuation settings are the same as the focal length setup. The coordinate 
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r for beam profile measurement at different d is given in Figure 6.12 with the origin set at 
the ACT axis center. The beam profile measurement at d = 25 mm is first conducted. The 
waveforms from r = -14 mm to 14 mm are all collected with a 1 mm interval. 
 
Figure 6.12: The coordinate r illustration for beam profile measurement. 
Three waveforms that are selected at two edges (r = - 14 mm and 14 mm) and at 
ACT axis center (r = 0) are given in Figure 6.13. Figure 6.13a and c show the signal at r = 
-14 mm and 14 mm, respectively. Both waveforms are observed with multiple wave 
packages. Figure 6.13b shows the waveform at r = 0, where only one dominant wave 
package is achieved. Besides, the peak amplitude at r = 0 is much higher than the peak 
amplitudes at two edges as shown in Figure 6.13a and c. This indicates this is in the ACT 
focal zone where the sound beam is focused at the center. 
 
Figure 6.13: The waveform results at selected r when d = 25 mm. Waveform of (a) r = - 
14 mm, (b) r = 0 mm, and r = 14 mm. 
To further analyze the beam intensity profile at 25 mm along with the r, the peak-
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all the waveforms’ intensity is measured. And they are plotted with the coordinate r as 
given in Figure 6.14a. The result shows the ACT sound beam intensity is fluctuating along 
with axis r with peaks and valleys and reaches its maximum intensity at the ACT axis 
center. This indicates the ACT beam focused at the center.  
 
Figure 6.14: The 120 kHz ACT focal zone and far-field measurement results. Focal zone 
results of (a) d = 25 mm, and (b) d = 30 mm. Far-field results of (c) d = 35 mm, and (d) d 
=40 mm. It shows that the focal zone is from 25 mm to 30 mm where the beam was focused 
and has its peak at its center. 
To measure the focal zone distance, the beam profiles beyond 25 mm were also 
measured. The end of the focal zone was measured at 30 mm, and its beam profile was 
given in Figure 6.14b. A similar beam profile with 25 mm was observed. Besides, for both 
25 mm and 30 mm, there is another peak value around r = -7.5 mm, which may be due to 
the manufacturing defect of the ACT transducer. Hence, the ACT focal zone can be 
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the same method to observe the divergence. The measured results of diverged far-field at 
35 mm and 40 mm are given in Figure 6.14c and d, respectively. These two beam profiles 
are similar to peaks and valleys, but ultrasonic beams are no longer focused at the center 
(r = 0 mm). On the contrary, the sound beams have diverged. This observation is consistent 
with the theoretical prediction of ultrasound in the far-field. 
6.5 ACT LAMB WAVE ACTUATION 
6.5.1 ACT LAMB WAVE EXCITATION BY SNELL’S LAW 
Guided waves are the waves that are generated through a variety of waves reflecting 
and mode converting inside a structure and superimposing with areas of constructive and 
destructive interference that finally leads to the nicely-behaved guided wave packets travel 
in the structure [23]. There are different forms of guided waves as they are propagating in 
different structures, such as Rayleigh surface wave, shear horizontal wave, and Lamb wave. 
One of the most used waves is the Lamb wave, which propagates in thin plates with stress-
free surfaces. It has been widely used in the NDE field since plate-like structures have been 
widely used in the aerospace, civil, mechanical fields. The advantage of Lamb wave NDE 
is that it can propagate a long distance with little energy attenuation, thus it can be used for 
large area inspection. The limitations of Lamb waves are their multi-modal and dispersion 
natures. There are symmetric and antisymmetric Lamb waves based on the different mode 
shapes. By solving the Rayleigh-Lamb wave equations numerically, the dispersion curves 
of the Lamb waves can be obtained. An example of dispersion curves in terms of phase 
velocity and group velocity w.r.t. the frequency in a 1-mm thick aluminum plate is given 




Figure 6.15: The dispersion curves of the 1-mm aluminum plate. Dispersion curves of (a) 
group velocity, (b) phase velocity. 
It shows that there are multiple Lamb wave modes co-existing in the plate within 
the frequency range from 0 to 8000 kHz. As the frequency increases, the Lamb wave mode 
increases. Moreover, even for a certain Lamb wave mode, such as S0 mode, as the 
frequency changes, both the phase velocity and group velocity will change. These are the 
multi-modes and dispersive properties of the Lamb waves, respectively. It is also noticed 
that below the cutoff frequency fcut (around 1800 kHz), only two fundamental modes, A0 
and S0, exist. In Lamb wave NDE, inspection frequencies are usually selected below fcut 
so that only two modes are actuated, and the subsequent damage analysis is simplified. 
 
Figure 6.16: The schematic of ACT Lamb waves’ actuation. 
The ACT Lamb wave actuation is illustrated in Figure 6.16, when ultrasonic waves 
from the ACT travel through air and hit the interface of air and the plate with an incident 
angle , both reflected wave and refracted wave will be generated. After refracting into the 
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waves propagating in the plate. The incident angle  is closely related to the actuated Lamb 
wave phase velocity. Based on Snell’s law, the incident angle of the selected Lamb wave 




 =  (6.2) 
where cair is the sound speed in the air, and c is the Lamb wave phase velocity. 
Using the equation (6.2), phase velocity dispersion curves in the range of 0 ~ 500 kHz 
(Figure 6.15a) can be transferred to that of the incident angles vs. frequency as shown in 
Figure 6.17. 
 
Figure 6.17: The ACT incident angle  dispersion curves of 1-mm aluminum plate. 
From Figure 6.17, t can be noted that for A0 mode, the incident angles are always 
larger than 10˚, and the incident angle decreases as the frequency increases. While for S0 
mode, the incident angles are always around 5˚, and as the frequency increases, the incident 
angle remains constant around 5˚. This is because the phase velocity of the S0 mode is 
nearly constant in the frequency range of 0 ~ 500 kHz (Figure 6.15a). Since the incident 
angles for the A0 mode are always not the same as that of the S0 mode, a single Lamb 
wave mode can be actuated. For example, at 120 kHz if the incident angle is set at 19˚, 






6.5.2 PRELIMINARY ACT LAMB WAVE ACTUATION 
In this section, preliminary ACT Lamb wave actuation was conducted by using 120 
kHz ACT (AS120Ti) for actuation. Round PWAS was used for sensing and a digital 
oscilloscope (model: MDO 3024) from Tektronix was used for data acquisition. The 
schematic experimental layout and laboratory experimental setup for the ACT Lamb waves’ 
actuation are shown in Figure 6.18a and c, respectively. The focal length d is set at 25 mm 
based on the previous focal length calibration result. Two PWAS (P1 and P2, 7-mm 
diameter, and 0.2-mm thickness, Steminic Inc.) were bonded on the plate surface to sense 
the Lamb waves. The distance of the ACT actuation center and P1 is 35mm and the distance 
of the P1 and P2 is 128mm as illustrated in Figure 6.18a. 
 
Figure 6.18: Experiment setup for ACT Lamb wave actuation study. (a) the schematic of 
the experiment system, (b) the laboratory experimental setup. 
The preliminary A0 mode actuation was first conducted. The ACT incident angle 
for A0 mode at 120 kHz was set as 19˚ based on the theoretical value in Figure 6.17. The 
acquired signals by P1 and P2 are given in Figure 6.19. It can be observed that Lamb waves 
were successfully actuated into the plate. And only one dominant wave package was 







Figure 6.19: ACT Lamb wave signals sensed by P1 and P2 for 120 kHz actuation with a 
19˚ incident angle. Signals sensed by (a) P1, and (b) P2. 
By measuring the traveling time Δt of the first peak arrival from P1 to P2 and the 










where Δd is the distance between P1 and P2; Δt is the Lamb wave traveling time 
from P1 to P2. In this case, the Δd is given as 128 mm and Δt can be measured as 66 μs. 











The theoretical group velocity for A0 mode is 2000 m/s at 120 kHz (Figure 6.15b). 
By comparing the experimental value to the theoretical value, these two results match well 
with each other with a 3% error. Hence, the actuated Lam wave can be verified as A0 mode.  
Next, the preliminary S0 mode actuation was also conducted. The experimental 
setups remain the same, other than the ACT incident angle for S0 mode at 120 kHz was set 









Figure 6.20: S0 mode signals sensed by P1 and P2 when the ACT (120 kHz) incident angle 
is 4˚. (a) the signal at P1, (b) signal at P2. 
Observing these two signals, both signals are mainly noise without a recognizable 
wave package. This indicated by ACT actuation, S0 mode Lamb wave was not actuated 
successfully. This may due to the tuning effect of the PWAS actuation. At 120 kHz, the 
strain of the A0 mode is dominant, while the strain of S0 mode is too weak to be received. 
Through this preliminary ACT Lamb wave actuation study, it shows that pure A0 mode 
can be actuated. 
6.6 NON-CONTACT ACT LAMB WAVE SENSING STUDY 
The ACT sensors are also resonant type transducers with resonant frequencies, so 
that same as the ACT actuation, they have the tunable frequency ranges to match the ACT 
sensors’ resonant frequencies to achieve the optimal sensing. Similarly, there is a huge 
energy loss of the ultrasonic waves at the interface of the inspecting object and the air, such 
that the Airscan system has a built-in amplifier which can further amplifier the signal 
sensed by the ACT sensor. This section first presents the ACT sensing calibration study 
using the Lamb wave signals excited by PZT. ACT pure mode Lamb wave sensing is also 





6.6.1 ACT SENSING CALIBRATION USING SIGNAL EXCITED BY PZT 
The resonant frequency calibration of the ACT receiver is conducted using the 
PZT-ACT system. The schematic setup of the system is illustrated in Figure 6.21a.  
 
Figure 6.21: (a) The schematic setup of the ACT sensing study by PZT actuation. (b) The 
laboratory experimental setup of the PZT actuator and ACT sensor. 
On the excitation side, the signal generator sends out the excitation signal to the 
PZT for wave excitation; on the sensing side, the ACT receiver is used to sense the waves, 
and the ACT sensed waves are further amplified by the built-in amplifier of the Airscan 
system. A trigger signal is sent from the signal generator to the Airscan system to 
synchronize the data acquisition. The laboratory experimental setup of the PZT and ACT 
actuation and sensing is shown in Figure 6.21b. In this study, the ACT receiver with 120 
kHz nominal frequency is used. The calibration is performed using a 1-mm aluminum 







To calibrate the resonant frequency of the ACT receiver, a broadband chirp signal 
with tunable frequencies can be excited in the structure. When the frequency matches with 
the ACT resonant frequency, the sensed signal will reach its maximum signal strength. On 
the excitation side, the chirp excitation signal is given in Figure 6.22a, and its frequency 
spectrum is shown in Figure 6.22b. As it can be noted that the excitation frequency range 
is from 100 kHz to 300 kHz.  
 
Figure 6.22: Chirp excitation signal for ACT resonant sensing tuning. (a) the chirp 
excitation signal, (b) the excitation signal spectrum. 
On the sensing side, the ACT receiver tuning is tuned from 0% to 100% with a 2% 
interval. Three selected representative signals of 25%, 50%, and 75% tunings are shown in 
Figure 6.23a, b, and c, respectively. Their frequency spectra are further obtained by the 
Fourier transform method as given in Figure 6.23d, e, and f, respectively. The results show 
that the Lamb wave signals are all successfully sensed by the ACT receiver. Through 
comparison, it is seen that the signal qualities are different at different tunings. The 
smoothest signal with maximum signal strength is achieved at 50% tuning (Figure 6.23b) 
and its frequency spectrum shows that the resonant frequency is achieved. The signal with 
25% tuning shows strong wave strength but the signal quality is not as smooth as that of 




frequencies which indicate that the resonant frequency is not achieved. While when the 
tuning is up to 75%, it is observed that the signal strength decreased significantly, and also 
the resonant frequency is not achieved as shown in Figure 6.23f. Therefore, the resonant 
tuning of the 120 kHz ACT receiver is tuned at 50% tuning with the strongest signal 
strength and the resonant frequency at about 180 kHz.  
 
Figure 6.23: The ACT sensing tuning results of (a) 25% tuning, (b) 50% tuning, and (c) 
75% tuning; and their frequency spectra in (d), (e), and (f), respectively. 
When using the ACT receiver to sense Lamb waves in the plate structure, the 
receiving angle of the ACT receiver is an important parameter for optimal signal sensing. 
It can be calculated based on Snell’s law. In this section, the receiving angle of the ACT 
receiver is experimentally tuned.  
The same experiment setup in Figure 6.21 is used. On the excitation side, a 3-count 
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frequency of the ACT receiver. On the ACT sensing side, various receiving angles are used 
to sense the waves.  
 
Figure 6.24: The ACT sensing results at receiving angles of (a)  =10˚, (b)  =20˚, and (c) 
 =30˚; and their frequency spectra in (d), (e), and (f), respectively 
Three representative signals sensed with 10˚, 20˚, and 30˚ receiving angles are 
given in Figure 6.24a, b, and c with their frequency spectra shown in Figure 6.24d, e, and 
f, respectively. As it can be noted that, signals are all successfully sensed with various 
receiving angles. Through comparison, it is noted that a smooth signal with the maximum 
signal strength is achieved with a 20˚ receiving angle. While for the signal sensed at the 
10˚ receiving angle, multiple wave packages are observed in the signal; and for the signal 
sensed at the 30˚ receiving angle, the signal strength significantly decreases as compared 
to the signal of 20˚. Therefore, the optimal signal sensed is at a 20˚ receiving angle and the 
receiving angle is optimized as 20˚. 
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6.6.2 ACT LAMB WAVE SENSING CHARACTERIZATION 
This section presents the characterization of the ACT sensed Lamb waves. The 
same experiment setup in Figure 6.21 is used. A 3-count 120 kHz excitation is used to 
excite Lamb waves in a 1-mm aluminum 20204-T3 plate. For the ACT sensing, the 
calibrated tuning and receiving angle are used. The Lamb wave signal sensed at 80 mm 
propagation distance is first sensed as given in Figure 6.26a. The signal demonstrates that 
the Lamb wave signal is collected with good signal quality.  
 
Figure 6.25: The ACT active sensing setup with PWAS actuation 
 
Figure 6.26: ACT sensed Lamb wave signal characterization. (a) the signal at 80 mm, (b) 
the sensed time-space wavefield, and (c) its frequency-wavenumber spectrum 
Next, to collect more information on the ACT sensed Lamb waves, a time-space 
wavefield is then acquired by sampling the signals along with the wave propagation 
direction as demonstrated in Figure 6.25. The collected time-space wavefield is presented 
in Figure 6.26b. It is seen that the Lamb wave propagation wavefield in the plate is sensed 
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dimensional Fourier transform method is used to transfer the time-space wavefield to the 
frequency-wavenumber domain as given in Figure 6.26c and it is plotted with the 
theoretical dispersion curves. By comparing the frequency-wavenumber dispersion curves 
of ACT collected Lamb waves to the theoretical values, pure A0 mode Lamb wave 
receiving is verified, demonstrating the capability of non-contact ACT receiver for pure 




CHAPTER 7  
INTEGRATION OF FULLY NON-CONTACT ACT-SLDV SYSTEM 
The ACT parameters are calibrated detailedly and its application for both single-
mode actuation and sensing has been presented in Chapter 6. In this chapter, the non-
contact ACT is adopted for single-mode Lamb wave actuation and the non-contact 
scanning laser Doppler vibrometer (SLDV) is employed for Lamb wave sensing to 
establish a fully non-contact system. The configuration/optimization of this system aims 
for optimal Lamb wave signal qualities with a high signal to noise ratio. To further 
understand the Lamb wave signal acquired from this system, the Lamb wave 
characterization study is subsequently conducted. Some factors that may influence the 
Lamb wave signals of this ACT-SLDV system will be studied, such as surface reflections 
enhancement of the specimen being inspected and the averaging numbers for signal-noise 
ratio (SNR) improvement. In the end, to explore the damage detection capability of this 
system, the proof-of-concept study will be conducted by using surface-bonded quartz for 
damage simulation. 
7.1 ACT-SLDV SYSTEM CONFIGURATION AND OPTIMIZATION 
7.1.1 ACT-SLDV SYSTEM CONFIGURATION 
The fully non-contact ACT-SLDV system was established by using the ACT for 
actuation and by introducing the scanning laser Doppler vibrometer (SLDV) for sensing. 
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The scanning laser Doppler vibrometer (SLDV) from Polytec3 will be adopted for Lamb 
wave sensing. It can make accurate surface velocity/displacement measurements of an 
object based on the Doppler effect on light waves. An example of the SLDV acquired 1D 
and 2D Lamb wave wavefields actuated by PWAS are shown in Figure 7.1a and b.  
 
Figure 7.1: The SLDV acquired 1D and 2D Lamb wavefields with PWAS actuation. (a) 
1D Lamb wave wavefield, (b) 2D Lamb wave wavefield. 
The overall schematic setup of the ACT-SLDV is given in Figure 7.2 with the 
notations of the main parameters (d, , Δx, etc.). The ACT axis center on the specimen is 
defined as the coordinate origin O. The focal length of the ACT actuator is defined as d, 
which is the distance between the transducer and the object being inspected. The incident 
angle  of ACT is selected for Lamb wave actuation. The blue-dash points indicate the 
scanning grids with Δx defined as the scanning spatial resolution. For SLDV sensing, the 
laser beam is placed normal to the test specimen, such that it can measure the out-of-plane 
velocities of the Lamb waves based on the Doppler effect. The SLDV can perform 1D and 
2D scans on the specimen with predefined scanning grids as the blue dot is illustrated in 
Figure 7.2 along the coordinate x-axis and y-axis.  
 







Figure 7.2:The schematic of the overall ACT-SLDV setup. 
The overall laboratory setup is given in Figure 7.3. The Airscan system (model #: 
SONDA-007CX) with a built-in-signal generator and the resonant type focused air-coupled 
transducer was used for wave generation [147]. The scanning laser Doppler vibrometer 
(Polytec: PSV-400-M2) is employed to measure the ACT actuated Lamb wave.  
 
Figure 7.3: The overall ACT-SLDV laboratory experimental with the red dot being the 
ACT actuation center on the plate, blue dots being the SLDV sensing points 
7.1.2 SINGLE-MODE LAMB WAVE SIGNAL OF ACT-SLDV SYSTEM  
In this section, pure A0 mode Lamb wave signals of the ACT-SLDV system were 
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ACT with 120 kHz resonant frequency was used for actuation with a 19˚ theoretical 
incident angle for A0 mode. For SLDV sensing, the well-acknowledged reflective tape was 
applied on the surface of the sensing area for surface reflection enhancement. Besides, 
signals were averaged at 100 for signal-to-noise ratio improvement.  
 
Figure 7.4: A typical SLDV sensed ACT Lamb wave signal at x = 40 mm with reflective 
tape for surface reflection enhancement and 100 averaging times during data acquisition. 
The signal at x = 40 mm was acquired and as given in Figure 7.4. It shows that the 
Lamb wave signal of the ACT-SLDV system was obtained successfully and the signal 
contains high floor noise. One dominant first wave package was observed and a weak 
second wave package was following the first wave package.  
 
Figure 7.5: The frequency spectrum results of two wave packages. The frequency spectrum 
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To understand these two wave packages, the frequency spectrums of these two 
wave packages were then obtained by the Fourier transform method and as given in Figure 
7.5. By comparing these two frequency spectrums, they have the same signature of the 
frequency components (Peak frequency & bandwidth). The only difference is that the 
signal strength of the first wave package is much higher than the second wave package. 
And the second weaker wave package may be due to the manufacturing design error of the 
ACT actuator. 
7.1.3 LAMB WAVE OPTIMIZATION BY INCIDENT ANGLE TUNING 
The theoretical incident angle for the A0 mode Lamb wave in the 1-mm aluminum 
plate is 19˚ at 120 kHz as introduced in chapter 5. In practice, the actual plate material 
properties may be different from those used in the theoretical study. Therefore, 
experimental tuning for the optimal incident angle for ACT A0 Lamb wave actuation in a 
1-mm aluminum plate has been conducted. The experimental setup remains the same.  
 
Figure 7.6: The collected Lamb wave signals at different incident angles . 
The incident angles at 10˚, 12˚, 14˚, 15˚, 16˚, 18˚, 20˚, 22˚, 23˚, 25˚ in addition to 
the theoretical 19˚ were tested for ACT actuation at x = 40 mm. Examples of the SLDV 
 = 10˚  = 15˚ 




signals at 10˚, 15˚, 20˚, and 25˚ are given in Figure 7.6. It can be observed that at the 
selected incident angles, only one dominant wave package is present. It is also noticed that 
the signal strength (indicated by peak-to-peak value as illustrated in Figure 7.6b) changes 
as the incident angle changes. 
 
Figure 7.7: Signal strength at various incident angles with a 20˚ incident angle gives the 
maximum signal strength and is identified as the optimal for ACT actuation. 
To evaluate the signal strengths at different incident angles, all peak-to-peak values 
were measured and then plotted w.r.t. the incident angle in Figure 7.7. It shows that as the 
incident angle increases from 10˚ ~ 20˚, the signal strength increases. And at 20˚, the signal 
strength reaches its maximum value. After 20˚, as the incident angles increase to 25˚, the 
signal strength decreases. Hence, a maximum signal is achieved around 20˚ (i.e., optimal 
incident angle) for actuating A0 mode in the 1-mm aluminum plate. 
7.2 ACT LAMB WAVE CHARACTERIZATION 
After the Lamb wave was successfully acquired from the aluminum plate by the 
ACT-SLDV system, further ACT Lamb wave characterization study was conducted to 
understand the ACT Lamb wave. Besides, the ACT actuates Lamb wave with an oblique 
incident angle. This oblique angle may result in directional ACT Lamb wave propagation 
Optimal incident angle 
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in the plate. Hence, the 2D ACT Lamb wave wavefield data v (x, y, t) can be used to analyze 
if the oblique incident actuation will affect the ACT Lamb wave propagation. 
7.2.1 1D ACT LAMB WAVE PROPAGATION AND SINGLE-MODE VERIFICATION 
1D wavefield u (t, x) of ACT Lamb wave along the positive x-axis (from 0 to 140 
mm) was first acquired through point-by-point scanning grids with the spatial sampling 
interval Δ x = 1mm. The temporal sampling frequency for SLDV sensing is 10.24 MHz, 
and signals are averaged at 100 for data acquisition. 1-D wavefield u (t, x). The acquired 
1D wavefield is given in Figure 7.8b. For comparison purposes, the 1D PWAS wavefield 
is given in Figure 7.8a.  
 
Figure 7.8: The 1D wavefield results on a 1-mm aluminum plate. Results of (a) the PZT-
SLDV system, (b) the ACT-SLDV system. 
It is observed that the ACT Lamb waves are much more spread out in the time 
domain than the PWAS Lamb wave. This may due to the ACT narrowband excitation. 
There is only one mode Lamb propagates in the plate and the straightforward wave patterns 
indicate that they propagate at the same group velocity. By comparing it to the PWAS 
wavefield, it can be estimated that it is A0 mode. While for the PWAS Lamb wave, both 
A0 and S0 mode Lamb waves were observed. And A0 mode is dominant with a 
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For the ACT Lamb wave application, it is essential to understand the 
characterization of the actuated Lamb waves. Commonly the waves can be analyzed in the 
time and/or frequency domain. With the inclusion of spatial information from wavefield 
acquisition by SLDV, intrinsic Lamb wave characterization regarding frequency and 
wavenumber information can be obtained through multidimensional Fourier transform 
analysis. In this work, the acquired 1D wavefield u (t, x) is a two-dimensional data set, 
therefore two-dimensional Fourier transform method (2DFT) can be applied to covert the 
wavefield data to the frequency-wavenumber domain by equation 
   ( )22D( , ) ( , ) ( , )
j ft kx
U f k u t x u t x e dtdx
  − −
− −
= =    (7.1) 
where U (f, k) is the frequency-wavenumber (f-k) spectrum of the time-space 
wavefield u (t, x). By using this method, the frequency-wavenumber spectrum of 1D PZT 
wavefield (Figure 7.8a) and 1D ACT wavefield (Figure 7.8b) were obtained and given with 
the theoretical f-k spectrums in Figure 7.9a and b, respectively. 
 
Figure 7.9: The f-k analysis results of 1D wavefield study on 1-mm aluminum plate. 
Results of waves acquired by (a) PZT-SLDV system, (b) ACT-SLDV system. 
Theoretically in the range of 0 to 500 kHz, there are two fundamental modes, A0 
and S0. In the PZT Lamb wave result (Figure 7.9a), both A0 and S0 mode was observed. 










Lamb wave is a wideband excitation with a bandwidth of around 80 kHz. Whereas, for the 
ACT Lamb wave result, only A0 mode was observed. The ACT A0 mode Lamb wave is 
an extremely narrow band (around 13 kHz) in the frequency domain as compared to the 
PZT Lamb wave. Through this ACT Lamb wave frequency-wavenumber characterization 
study, it can be verified that the ACT-SLDV system generated and sensed pure A0 mode 
Lamb wave successfully. 
7.2.2 2D ACT LAMB WAVE PROPAGATION AND DIRECTIONALITY STUDY 
With the same experimental setup, the 2D wavefields v (x, y, t) of the ACT Lamb 
wave was acquired by SLDV scanning on a predefined scanning area (x = -25 mm to 25 
mm and y = -30 mm to 30 mm). The 2D wavefield at the traveling time was 30 µs is given 
in Figure 7.10b with the PZT 2D wavefield at the same time given in Figure 7.10a for 
comparison.  
 
Figure 7.10: 2D wavefields of (a) PZT Lamb wave and (b)ACT Lamb wave. 
It shows that the PZT Lamb wave is omnidirectional propagating in all directions. 
While the ACT Lamb wave propagation has been observed to be highly directional, as 
illustrated in the 2D Lamb wave propagation in Figure 7.10b and being consistent with 
what’s reported in the literature. Most of the waves are along the +x direction which aligns 




To properly use the ACT Lamb wave for optimal damage detection, directionality 
analysis needs to be conducted. The setups for the directionality study are given in Figure 
7.11, with the α being the angular position (w.r.t. +x axis for wave propagation direction, -
180° to 180°) and R is the radial distance for wave propagation (w.r.t. the coordinate Origin) 
for parametric study.  
 
Figure 7.11: Lamb waves collecting setup at various angular directions α of selected 
propagation distance r with the red dot being the coordinate origin, blue dots being sensing 
points. 
 
Figure 7.12: The waveforms of α = 0° and α = ±10° directions with the same propagation 
distance. 
The waves at different directions α after propagating the same distance are first 
studied. Figure 7.12 shows selected waves at -10°, 0°, and 10° at R = 40 mm. Indicated by 
the peak-to-peak value of the dominant wave package, the signal at 0° (i.e. along with the 
ACT centerline and +x direction) is noted much stronger compared to signals at ±10°.  
α 
ɑ =10° 


















Furthermore, signals of all directions from -180° to 180° are collected at 5° 
resolution with different propagation distances at R = 20, 40, 60 mm. The normalized peak-
to-peak values are then determined and plotted w.r.t. the direction α in Figure 7.13.  
 
Figure 7.13: Directionality study results of the ACT - SLDV system on 1-mm aluminum 
specimen. 
The plot confirms that the ACT Lamb wave is highly directional with its strongest 
propagation along 0° direction where the ACT centerline is in, and then rapidly decreasing 
and resulting in a very narrow intensity beam within about ±65°. The directionality at 
different propagation distances R has also been studied. As seen in Figure 7.13, similar 
directionality at all propagating distances are obtained. In a certain direction, such as 0°, 
the intensity decreases as the propagating distance increases from 20 mm to 60 mm. This 
indicates as the propagation distance increases, the intensity of the waves decreases. 
To better examine the wave strength at other directions, the intensities within ±65° 
directions are further plotted in Figure 7.13. The waves at different distances all have their 
peak intensities along α = 0°. Besides, by adding a 36% threshold, it is found the wave 
propagation is mostly focused in the ±45° range. Beyond that range, the wave propagation 
decreased significantly. The directionality result demonstrates that the ACT Lamb wave is 




Figure 7.14: The detailed directionality result within ±60°. 
7.3 SIGNAL-TO-NOISE RATIO (SNR) IMPROVEMENT 
SLDV sensing is based on the laser beam reflection, such that the laser reflection 
capability of the object being inspected is critical for good quality SLDV sensing. The 
surface reflection enhanced method has attracted researchers’ interest to improve the 
SLDV sensing quality. The well-acknowledged surface reflection enhancement is 
reflective tape. The reflective tape can increase SNR significantly. In the research 
introduced above, the reflective tape was used for SLDV sensing. However, it is hard to 
remove the reflective tape from the specimen surface without any residue. In practice such 
as aerospace and nuclear applications, leaving foreign objects on materials surface is 
prohibited. Therefore, less intrusive and easy removing means for improving the surface 
quality for a high reflective rate need to be explored. An easy to wipe-off reflective spray 
has been adopted in this study that can be used for surface enhancement. Besides, the ACT 
Lamb wave signals are much weaker as compared to the contact PWAS actuated Lamb 
waves due to the low transmission rate induced by the huge impedance mismatch of the air 
and object being inspected. Therefore, the signal-to-noise (SNR) of Lamb wave signals are 

















However, the averaging needs to measure multiple signals and then average all these 
signals to one, and this will increase the data acquisition time. Hence, to improve the SNR 
of the signals while still control the data acquisition at an appropriate time, the signal 
averaging influence on the SNR and the recording time it takes for data acquisition will be 
studied.  
7.3.1 SURFACE ENHANCEMENT FOR SLDV SENSING  
This is a signal level scale (full scale: 20, Figure 7.15a) on the laser head that 
indicates the signal strength from the object being sensed. The signal strength is closely 
related to the object's surface reflection. When using SLDV for sensing, the full level scale 
indicates that the surface reflection is good for sensing by laser. In this part, signal quality 
without and with surface enhancement by reflective spray was studied in a 1-mm thick 
aluminum plate. The wipe-off spray (Figure 7.16a: Albedo 100 Reflective Spray Invisible 
Bright) was selected for surface enhancement, and it can be applied to the specimen 12 
inches away from the surface (Figure 7.15c). 
 
Figure 7.15: The signal reflection strength indicator of the specimen surface on the laser 
head and the reflective spray for surface reflection enhancement. (a) the signal reflection 
strength indicator, full level means good surface reflection. (b) The reflective spray, by 
spraying on the specimen surface, the reflection strength can be enhanced. And (c) the 
operation for applying reflective spray. 
12 inches  
 
(a) (b) (c) signal level 
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The experimental setup in Figure 7.3a was used. The signal strength level without 
reflective spray is nine as can be seen in Figure 7.16a. After applying the reflective spray 
to the surface, the signal strength reaches its full as can be seen in Figure 7.16b.  
 
Figure 7.16: The reflective spray influence of the surface reflection strength in a 1-mm 
aluminum plate. The surface reflection strength indicator of (a) raw specimen surface, and 
(b) reflective spray enhanced surface. 
 
Figure 7.17: Signals of raw surface and spray enhanced surface at 0, 40, and 60 mm. Signals 
of raw surface at (a) 0 mm, and (b) 40 mm; (c) 60 mm. Signals of spray enhanced surface 
at (d) 0 mm, (e) 40 mm, and (f) 60 mm. 
The ACT Lamb wave signal along the x-axis from the raw surface and reflective 
spray enhanced surface are both collect. The signals of 0, 40, and 60 mm are given in Figure 
7.17. Figure 7.17a, b, and c show the Lamb wave signals collected from the raw surface, 
(a) (b) 
x = 60 mm 
x = 40 mm 









while Figure 7.17d, e, f show the Lamb wave signals collected from reflective spray 
enhanced surface.  
For the signals of the raw surface, high noise is shown in the waveform. At x= 0 
mm, a dominant wave package can roughly be identified with significant noise. Then at x= 
40 mm and x= 60 mm, the signals are mainly noise without visible wave package. The 
wave propagation features cannot be observed from signals of the raw surface. However, 
for signals collected from the reflective spray enhanced surface, the signal waveforms are 
very clear, and the wave packages were observed obviously. The signal quality improved 
significantly. Besides, as we observe the signals of 0 mm, 40 mm, and 60 mm, the wave 
strength is observed attenuates as the propagation distance increases. The wave attenuation 
during propagation can be observed. Hence, when the reflective tape is not applicable for 
inspection, the subject wipe-off reflective spray is an alternate method that qualified for 
surface reflection enhancement. 
7.3.2 AVERAGING FOR DATA ACQUISITION 
Averaging is a critical and effective way to improve the signal-to-noise ratio. To 
obtain a desirable signal, the averaging influence of SNR was further studied and analyzed 
by controlling the averaging times and recording the ACT Lamb wave signals with 
different averaging. The experimental setup reminds the same as the last section. The raw 
Lamb wave signals and signals averaged at 3, 10, 20, 100, and 200 were recorded as shown 
in Figure 7.18. It can be observed that the noise of the raw Lamb wave signal is high and 
there is no significant wave package in the raw signal. For the signals with averaging, one 
dominant wave package was observed in all the cases. And as the average time increases, 
the Lamb wave waveform becomes smoother. 
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To analyze the averaging influence, the signal-to-noise ratio (SNR) method is 
adopted to represent the signal quality. The wave signal and floor noise are extracted from 
the waveform as shown in  








=  (7.2) 
Through this method, the SNR of all averaging times was calculated and given in 
Table 7.1 with the time that takes to record the signal with different averaging. 
 
Figure 7.18: The averaging results for SNR improvement by SLDV sensing. (a) The raw 
signal. Signals averaged at (b) 3, (c) 10, (d) 20, (e) 100, and (f) 200. The results show the 
averaging improved as the averaging times increase, the waveform is smoother. 
(a) (b) 
(d) (c) 
Raw signal Averaged at 3 
Averaged at 10 Averaged at 20 





Figure 7.19: The extraction of floor noise and wave signal for SNR calculation. 
Table 7.1: The signal-to-noise ratio and data recording time of selected average times. 
Averaged times Raw signal 3 10 20 100 200 
SNR (dB) 4.86 8.66 11.98 12.70 20.11 38.21 
Recording time (s) 0.005 0.015 0.05 0.1 0.5 1 
 
From the SNR results, it is seen that as the averaging times increase, the SNR 
increases as well. This shows that for SLDV sensing, by averaging, the SNR can be 
improved. And the higher the averaging times, the better the SNR in this study. However, 
large averaging will increase data acquisition time (Table 2). From the result, we see that 
the SLDV sensed Lamb wave signal has acceptable SNR above 10 when averaging is as 
low as 10. Hence if data acquisition time is a concern in the NDE application, a rapid ACT-
SLDV inspection can be adopted with 100 times averaging to accommodate acceptable 
data for analysis. 
7.4 PROOF-OF-CONCEPT FOR DAMAGE DETECTION 
In this section, the proof-of-concept for damage detection capability by the ACT-
SLDV Lamb wave system is conducted. A surface-bonded quartz rod (diameter: 8 mm, 
height: 10 mm, as shown in Figure 7.20a) is used to simulate structural discontinuity in a 
1-mm aluminum plate. The quartz rod was put on the surface of the specimen 70 mm away 





actuation with  = 20˚ for A0 mode. For SLDV sensing, the sampling frequency was set at 
10.24 MHz. For a better reflection signal from the specimen, the reflective tape was used 
for surface enhancement. Besides, signals were averaged at 200 for good SNR. In this 
damage detection study, both the incident waves and transmitted waves were collected, 
and the data analysis method was applied to analyzed how damage would influence this 
incident Lamb wave signals and transmitted signals.  
 
Figure 7.20: Damage was simulated by quartz (diameter: 8 mm), and the quartz was put 70 
mm away from the origin. (a) The 8 - mm diameter quartz, (b) the setup of the damage 
detection, incident waves at x = 40 mm and x = 60 mm; transmitted waves at x= 80 mm 
and x = 100. 
Before the damage, the incident signals at x = 40 mm and x = 60 mm were acquired. 
And they were compared with the signals of pristine condition as given in Figure 7.21a and 
b, respectively.  
 
Figure 7.21: The incident waves at x = 40 mm and x = 60 mm of the pristine and damaged 





x = 40 mm x = 60 mm 
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Observing the incident waves at x = 40 mm (Figure 7.21a), the signal of the 
damaged condition is minorly larger than that of pristine condition. This may due to the 
reflection signal from the damage overlapped with the incident waves then increase the 
signal intensity. On the other hand, for the incident waves at x = 60 mm (Figure 7.21b), it 
is seen that the signal of the damaged condition is lower as compared to the pristine 
condition. This may due to the reflections from the damage decreased the signal strength. 
Hence, from the signal at 40 mm and 60 mm, it was seen that the reflections from the 
damage overlapped with the incident waves, resulting in likely standing waves that 
sometimes increased while sometimes decreased signals with peaks and valleys. 
Next, the damage signal is extracted by pristine signals minus the damage signals. 
The extracted signals are given in Figure 7.22. Damage signals are both observed at x = 40 
mm (Figure 7.22a) and at x = 60 mm (Figure 7.22b). What’s more, the damage signal at x 
= 60 mm is larger than at x = 40 mm. This is because at x = 40 mm, the reflections from 
the damage propagated further than x = 60 mm. Thus, the damage signal attenuated more 
at x = 40 mm. 
 
Figure 7.22: Extracted damage signals at x = 40 mm and x = 60 mm on the 1-mm aluminum 
specimen. Results of (a) x = 40 mm, (b) x = 60 mm. 




For the transmitted waves inspection, the signals at x = 80 mm and x = 100 mm 
were acquired and they were compared with the signals from the pristine condition, as 
given in Figure 7.23. Observing the transmitted signals at x = 80 mm (Figure 7.23a) and at 
x = 100 mm (Figure 7.23b), the transmitted signals are much weaker in the damaged 
condition than in the pristine condition. This is the incident waves interacted with the 
damage, most of the signals are reflected and scattered, resulting in low transmission 
signals after the damage. 
 
Figure 7.23: The acquired transmitted waves for the pristine and damaged condition at x = 
80 mm and x = 100 mm on 1-mm aluminum specimen. Results of (a) x = 80 mm, (b) x = 
100 mm 
 
Figure 7.24: Extracted damage signals at x = 80 mm and x = 100 mm on the 1-mm 
aluminum specimen. Results of (a) x = 80 mm, (b) x = 100 mm. 
To analyze the transmission reduction by the damage, the damage signal is 
extracted by the pristine signal minus the damaged signal as given in Figure 7.24. 
Observing results of x = 80 mm (Figure 7.24a) and x = 100 mm (Figure 7.24b), both 
(a) (b) 
x = 80 mm x = 100 mm 
Extracted damage signal at x = 80 
mm 





damage signals are observed. And the former is stronger than the latter because it is closer 
to the damage and has less attenuation along with the propagating distance. 
The damage was detected by the incident wave and transmitted wave detection. To 
have more information about the wave interaction at the damage for damage detection, the 
1D wavefield damage detection is further performed. 1D wavefield was obtained by point-
to-point scanning. The schematic of the scanning gird is given in Figure 7.25b. The 
acquired wavefield with damage is given in Figure 7.25c and the pristine wavefield is given 
in Figure 7.25a for comparison. The pristine wavefield (Figure 7.25a) shows that when 
there’s no damage, the wave propagates in the plate with a smoothly distributed wave 
pattern. However, when the damage exists in the plate structure, the incident wave is 
reflected at the crack location (around 65 mm). And meanwhile, there are still incident 
waves propagating before the crack, hence the reflections overlapped with the incident 
wave, generating likely standing waves with peaks and valleys. On the other hand, after 
the crack location, the transmission was reduced obviously. 
 
Figure 7.25: 2-D wavefield damage detection result on a 1-mm aluminum plate. (a) 2-D 
wavefield without damage, (b) the scanning setup, red dot – damage on the plate, and (c) 
2-D wavefield result with damage located at 70 mm away from the excitation point. 
Both the waveform detection and the wavefield detection results indicate that the 
fully non-contact ACT-SLDV Lamb wave NDE system is capable of damage detection, 






























and the differences observed in waveforms and wavefields will allow for further damage 





CHAPTER 8  
IMAGING ALGORITHMS FOR QUANTITATIVE DAMAGE 
INSPECTION AND EVALUATION 
The ACT-SLDV system has been successfully constructed with its proof-of-
concept for damage detection that has been successfully demonstrated. Data analysis and 
damage evaluation techniques are of primary importance in applying any Lamb wave-
based SHM/NDE. This chapter focuses on the quantitative imaging algorithms study for 
damage inspection and evaluation. First, the study of the cross-correlation imaging 
technique using the scattered waves of all directions and the incident waves is presented. 
Next, two alternative imaging methods based on Lamb wave energy distribution are 
conducted. One method is the full-wave energy imaging method which provides a rapid 
inspection method for the damage inspection and the other method is the scattered wave-
energy imaging method, which can highlight the damage and isolate the incident wave map 
and transmitted wave map in the imaging result using the scattered waves only by the 
wavenumber filtering method.  
8.1 INTRODUCTION 
Data analysis and damage evaluation techniques are of primary importance in 
applying any Lamb wave-based SHM/NDE [133]. In the NDE/SHM application, numerous 
approaches have been reported in the literature. Such as imaging-based ones including the 




used amplitude profiles of guided wavefields to detect delamination damage. The result shows 
both the location and size of the delamination damage by an amplitude profile directly. 
Michaels et al. presented source removal and wave mode separation techniques by using 
frequency-wavenumber filtering and demonstrated applications on delamination and crack 
detection [135]. After source removal, delamination induced scattering waves were highlighted. 
Ruzzene presented a damage visualization technique by filtering the damage reflection waves 
in the frequency-wavenumber domain and demonstrated an application on crack damage 
visualization [136]. Sohn et al. proposed a “standing wave filter” which can isolate standing 
wave components in a given wavefield for delamination detection in composites [137]. Rogge 
and Leckey presented a local wavenumber analysis to process guided wavefields and 
demonstrated their method can be used to quantify the depth and size of delamination damage 
[138]. Flynn et al. presented a structural imaging method, which used frequency-
wavenumber filtering and local wavenumber estimation, and showed their method was able 
to detect wall-thinning damage in an aluminum plate and a steel pipe, and delamination 
damage in a composite structure [139]. Other than that, array-based imaging method, such 
as the sparse array imaging where sensors are distributed over the structure [51], and the 
phased array imaging where sensors are physically placed close to each other [52] has been 
studied by many researchers. Clarke et al. studied the damage detection capability of a 
sparse array on a complex structure under varying thermal conditions [140]. Yu and Leckey 
explored the sparse array approach for crack detection in aluminum plates [141]. With the 
sparse array, the crack tips could be detected (Figure 2.20a). Rajagopalan et al. adopted an 
array of a single transmitter and multiple receivers (STMR) to locate a defect (hole) in a 
composite plate [143]. Later, Leleux et al. used ultrasonic phased array probes for long-




In recent years, the cross-correlation imaging method has been introduced as one 
of the imaging detection method using the back-scattered waves and incident waves. Zhu 
et al. [53] developed a fast-real-time imaging method of multiple damage sites by cross-
correlating the back-scattered waves and incident waves in the frequency domain. He and 
Yuan et al. [54] developed a zero-lag cross-correlation (ZLCC) imaging technique, using 
forward waves and the back-scattered waves to image structural damage in composites 
quantitatively. This ZLCC method utilizes all the input frequencies and the dispersion 
effect was compensated automatically. Later, an enhanced imaging condition for 
composite damage imaging was developed which can provide enhanced imaging for multi-
site damage as compared to the ZLCC method [132]. These reported imaging methods 
mostly cross-the incident waves with back-scattered waves generated at the damage. Yet 
indeed, when propagating Lamb waves encounter damage, it assembles a new wave source 
and generates scattered waves in all directions including back-scattered [55].  
8.2 CROSS-CORRELATION IMAGING METHOD 
8.2.1 CROSS-CORRELATION IMAGING METHOD USING SCATTERED WAVES OF ALL 
DIRECTIONS 
The cross-correlation imaging technique was first introduced in the context of 
reverse time migration by Chang and McMechan. Conventionally cross-correlation 
imaging can be implemented in either the time (t) or frequency domain (f) using a source 
wavefield (Ws) and a receiver wavefield (Wr) [152]. The imaging condition is defined 
based on the concept that if both source waves and the receiver waves are extracted 
separately, these two wavefields kinematically coincident at the discontinuities, and the 




that of the remaining locations where it will be small or near zero. The cross-correlation 
imaging method for damage detection is originally proposed by Zhu et al. [53] for multiple 
damage identification in the aluminum plate using the incident waves and back-scattered 
waves by a permanently mounted linear array of piezoelectric wafers. He and Yuan [54] 
later investigated cross-correlation imaging for damage inspection in composite structures 
using flexural wave signals. Most of the reported cross-correlation imaging work used the 
incident waves (source wave) with the back-scattered waves (receiver wave) for the 
damage detection. However, when incident waves interact with damage or defect, scattered 
waves in all directions are indeed generated as reported in the literature [53]. As compared 
to the back-scattered waves, these scattered waves in all directions may contain more 
information regarding the overall information of the damage toward its quantification. 
In this dissertation study, a 2D cross-correlation imaging method in the time domain 
that uses scattered waves of all directions as the receiver wave and incident waves as the 
source wave is proposed for precisely damage imaging detection. The imaging algorithm 




( ) ( , ) ( , )= x x xcorr incident scatteredX v t v t dt  (8.1) 
where vincident (x, t) is the incident wave wavefield; vscattered (x, t) is the damage scattered 
wave wavefield; and Xcorr (x) is the cross-correlation value at x [144]. 
To separate the incident waves and scattered waves for cross-correlation imaging, 
the frequency-wavenumber filtering method [153]-[155] is used. The process is briefly 
introduced here for the completeness of knowledge. The first step is to transfer the time-
space wavefield to the frequency wavenumber domain using the Fourier transform method. 











k x x  (8.2) 
where V (f, k) is the resulted frequency-wavenumber representation in terms of the 
frequency f and the wavenumber vector k which is defined as (kx, ky). Within the frequency-
wavenumber domain, a wavenumber filter V (f, k) (similar to the digital filter used in the 
frequency domain [111]) is designed to filter the incident wave and scattered wave 
wavenumbers. The filtering process is mathematically expressed as the product between 
the waves’ frequency-wavenumber representation V (f, k) and the designed frequency-
wavenumber filter F (f, k) as 
 ( , ) ( , ) ( , )FV f V f F f=k k k  (8.3) 
where VF (f, k) represents the resulted filtered spectrum. 
Lamb wave propagation in terms of frequency-wavenumber characterization in a 
structure depends on the frequency and plate thickness [159]. During wave propagation, 
when damage happens, it will modify the wave propagation in many ways by its size and 
orientation. These modifications may introduce scattered waves that propagate with new 
wavenumbers [55]. An example of wavenumber representatives of ACT Lamb waves in a 
pristine plate and a plate with a notch is given in Figure 8.1 plotted with the red circles 
represent the theoretical wavenumbers. In Figure 8.1a, only wavenumbers along with the 
positive theoretical wavenumber present, which represent the incident waves. In Figure 
8.1b, some new higher wavenumbers other than the incident wavenumber are observed. 
From the comparison of the wavenumber spectrum, strong new higher wavenumbers due 





Figure 8.1: Lamb wave wavenumber comparison of pristine plate and plate with a notch at 
370 kHz. Wavenumbers of (a) pristine plate, and (b) plate with notch damage [144]. 
To filter the incident waves, a bandpass filter Fin (f, k) is designed to retain the 
wavenumbers of incident waves. Since ACT Lamb waves are highly directional and mainly 
focuses on the positive x-direction, only positive kx will be retained. An example of the 
filter at 370 kHz is given in Figure 8.2a along with A0 theoretical wavenumber. The 1D 
zoom-in filter (ky = 0; 1.5 rad/mm ≤ kx ≤ 2.5 rad/mm) demonstrates that only wavenumbers 
centered at the theoretical A0 wavenumber are retained. 
 
Figure 8.2: Wavenumber filters for the incident waves and scattered waves at 370 kHz. (a) 
The band-pass filter for the incident waves of positive kx where only wavenumber band 
centered at the theoretical A0 wavenumber kA0 is retained. (b) The high-pass filter for the 
scattered waves where wavenumbers larger than kA0 of all directions are retained [144]. 




















































To filter the new higher wavenumbers of the scattered waves, a highpass filter is 
designed. Besides, the scattered waves may propagate in any random direction due to the 
uncertainty of the damage. Therefore, the highpass filter is designed along with all 
directions [144]. An example of the filter at 370 kHz is given in Figure 8.2b along with the 
theoretical wavenumber of the A0 Lamb wave. The 1D zoom-in filter (ky = 0; 1.5 rad/mm 
≤ kx ≤ 2.5 rad/mm) demonstrates that only wavenumber components higher than theoretical 
wavenumber of A0 (kA = 1.94 rad/mm) are retained. The filtered incident wave wavefield 
vincident (x, t) and scattered wave wavefield vscattered (x, t) can be further obtained for cross-
correlation imaging by converting from the filtered wavenumber spectra using the inverse 
3DFT method. The proposed cross-correlation imaging technique is applied to detect 
notches of various orientations or sizes on steel plates using the ACT-SLDV non-contact 
Lamb wave system. 
8.2.2 IMAGING OF NOTCHES WITH VARIOUS ORIENTATIONS 
Three 0.5-mm thick T304 steel plate samples with a half-thickness notch 
(length×width×depth: 10 mm × 2 mm × 0.25 mm) of 45°, 60°, and 90° orientations are 
prepared. The notches are centered at x = 40 mm. On the actuation side, the 400 kHz ACT 
is used for Lamb wave excitation. With Lamb waves actuated at the Origin by the ACT, 
2D time-space wavefields are acquired with a 0.5 mm spatial resolution by the SLDV 
system. The wavefields of three situations at 40 µs are given in Figure 8.3a, b, and c, 
respectively. Wave-damage interactions are observed at the notch locations in the three 
wavefields. All wavefields are normalized by their maximum amplitude individually to 
show the wave propagation or interactions at the damage. However, from the wavefield 




orientations. The 2D cross-correlation imaging algorithm outlined in Section 8.2.1 is then 
implemented for further notch evaluation.  
 
Figure 8.3: The wavefields acquired by the SLDV at 40 µs in 0.5-mm steel plate with half-
thickness notches of (a) 45° orientation, (b) 60° orientation, and (c) 90° orientation. (d), 
(e), and (f) are wavenumber spectra at 370 kHz by 3DFT method for 45°, 60°, and 90° 
notches, respectively. [144]. 
The frequency-wavenumber spectra of the three situations are first obtained by 
converting from the time-space wavefield using the 3DFT method. The wavenumber 
spectra at 370 kHz frequency for all plates are shown in Figure 8.3d, e, and f, respectively 
with the circles in red represent the theoretical wavenumber of A0 mode. Strong incident 
A0 wavenumbers are found in all plates. Besides, dominant higher wavenumbers that are 
introduced by the notches all are observed in different plates. Other than that, barely visible 
wavenumbers of back-scattered waves are seen. Applying the frequency-wavenumber 
filtering method with the incident wave bandpass filter and scattered wave highpass filter 
as proposed in Section 8.2.1, the corresponding wavenumbers are then filtered. The 
incident wave wavenumber spectra at 370 kHz are given in Figure 8.4a, b, and c 
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respectively plotted along with the theoretical A0 wavenumbers. It is noted that incident 
wavenumbers with +kx are achieved in the plates. Using the inverse 3DFT method, the 
incident wave wavefields are then obtained as given in Figure 8.5a, b, and c, respectively. 
The converted time-space incident wavefields of all the notches indicate that all incident 
waves are filtered successfully with only forward propagating waves.  
 
Figure 8.4: The filtered incident wavenumbers in plates with half-thickness notches of (a) 
45°, (b) 60°, and (c) 90° orientations. 
 
Figure 8.5: The converted time-space incident wavefields by inverse 3DFT at 40µs in 
plates with half-thickness notches of (a) 45°, (b) 60°, and (c) 90° orientations. 
The filtered scattered wave wavenumber spectra at 370 kHz are given in Figure 
8.6a, b, c, respectively plotted along with the theoretical A0 wavenumbers. It is noted that 
new higher wavenumbers of all directions are achieved in the plates. Then using the inverse 
3DFT method, the scattered wave wavefields are then obtained as shown in Figure 8.7a, b, 
and c, respectively, demonstrating scattered waves of all directions are successfully filtered. 
45˚ notch 60˚ notch 90˚ notch 
(c) (b) (a) 
45˚ notch 60˚ notch 90˚ notch 




The all-directional scattered waves provided overall dimensions of the damage and could 
significantly improve the accuracy of the cross-correlation imaging. 
 
Figure 8.6: Filtered all directional scattered wave wavenumbers in plates with half-
thickness notches of (a) 45°, (b) 60°, and (c) 90° orientations. The spectra show that 
scattered wave wavenumbers of all directions are successfully achieved.  
 
Figure 8.7: The filtered scattered waves of all directions of (a) 45°, (b) 60°, and (c) 90° 
orientations. [144]. 
The scattered wave cross-correlation imaging method was first applied to the notch 
with 45˚ orientation, as well as the ZLCC algorithm using the primary reflective waves [54] 
for comparison. The results are presented in Figure 8.8a and b, respectively. Figure 8.8a 
from ZLCC and Figure 8.8b from our method show the latter significantly improved the 
imaging resolution and gave a precise mapping of the notch damage with the correct 
indication of the notch orientation in the plate. The possible reason is that the ZLCC method 
uses the back-scattered waves which are very weak as shown in the wavenumber 
components presentation in Figure 8.3a due to the small size of the damage in this study. 
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However, there are much stronger forward scattered waves (i.e the higher positive 
wavenumbers) as shown in Figure 8.3a.  
 
Figure 8.8: Cross-correlation imaging comparison of 45˚ notch: (a) the ZLCC method uses 
the back-scattered waves, (b) the newly proposed method uses the scattered waves of all 
directions [144]. 
The proposed cross-correlation algorithm was further applied to the 60°, and 90° 
orientation notches, and the imaging results are given in Figure 8.9a, and b, respectively 
plotted along with the realistic notches [144]. From comparisons of the notch image with 
the realistic notches, both notches are precisely imaged with their orientations and locations 
match very well. The capability of the proposed cross-correlation imaging technique for 
precisely damage imaging with various orientations has been demonstrated successfully.  
 
Figure 8.9: The proposed cross-correlation imaging for half-thickness notches of (a) 60°, 
and (b) 90° orientation. [144]. 
8.2.3 IMAGING OF NOTCHES WITH VARIOUS SIZES 
To investigate the proposed imaging technique for damages with variable sizes, 










In this case, the notch with a dimension of 10 mm × 2 mm × 0.25 mm (length × width × 
depth) is set as reference notch; a shallower notch with 0.1 mm depth is set as the shallow 
notch for depth detection and evaluation; a shorter notch with 3 mm length is set as the 
short notch for length detection and evaluation. The dimension of the notches is illustrated 
in Figure 8.11. All notches are aligned at x = 40 mm for inspection.  
 
Figure 8.10: The illustration of the notch damage with various sizes. 
With SLDV 2D scanning, the wavefields of these three notches are acquired and 
wavefields at the selected time of 40 µs are given in Figure 8.11a, b, and c, respectively. 
Wave-damage interactions all are observed in the three plates. The reference notch 
provides the strongest wave interactions as compared to those of shallow notch and short 
notch since it has the largest dimension in both length and depth. However, from the 
wavefields, it is difficult to quantify and evaluate the notch sizes. 
 
Figure 8.11: The SLDV acquired time-space wavefields of (a) reference notch, (b) shallow 
notch, and (c) short notch at 40µs. 
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By implementing the wavenumber filtering method as outlined in Section 8.2.1, the 
incident waves are filtered out as shown in Figure 8.12a, b, and c, as well as the scattered 
wave wavefields as given in Figure 8.12d, e, and f, respectively. It is noted for the incident 
waves, the damage scattered waves are removed with the incident waves retained only. 
And the scattered wave wavefields show that only damage scattered waves are retained, 
and they are propagating along with all directions, demonstrating scattered waves of all 
directions are successfully filtered. 
 
Figure 8.12: The converted incident wavefields of (a) reference notch, (b) shallow notch, 
and (c) short notch and their scattered wavefields in (d), (e), and (f), respectively. 
By implementing the proposed cross-correlation imaging technique, all notches are 
successfully imaged as given in Figure 8.13a, b, and c. For comparison and quantification 
purposes, the cross-correlation values Xcorr of three situations are normalized by the peak 
value of the reference notch. As plotted along with the realistic notch locations and 
dimensions, it can be found all notches are precisely imaged with locations, and notch 
shapes match very well. For the notch depth detection, it is noted that the peak Xcorr of the 
shallow notch is in pale yellow (around 0.5 in the color bar) while the peak Xcorr of the 
reference notch is in red (around 1 in the color bar). This difference indicates that the 
(a) (b) (c) 




imaging method is capable to discern the notches of different depths. For the notch length 
detection, the imaging result of the short notch is significantly shorter as compared to that 
of the reference notch, demonstrating the notches of different length successfully identified. 
Moreover, the peak Xcorr of the short notch and reference notch all are in red color since 
they have the same depth, which further validates the proposed imaging method is feasible 
for notch depth detection. 
 
Figure 8.13: The cross-correlation imaging of the (a) reference notch, (b) shallow notch, 
and (c) short notch [144]. 
 
Figure 8.14: The evaluations of the notches with different sizes by the cross-correlation 
method. (a) The evaluation of the 10-mm notches with different depths. (b) The evaluation 
of the half-thickness depth notch with different lengths [144]. 
To quantitatively evaluate the notch depth, the Xcorr of the shallow notch, and the 
reference notch along the x-axis line are plotted together as shown in Figure 8.14a for 
further analysis. It is found that the peak Xcorr value of the reference notch with 0.25 mm 
depth is 1, while the peak Xcorr of the shallow notch with 0.1 mm depth is significantly 
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decreased to about 0.5. This indicates the 0.15 mm difference in depth is successfully 
identified, demonstrating that the cross-correlation method can quantitatively evaluate the 
notch depth. Furthermore, by adding a threshold at 0.2, both the reference notch and the 
shallow notch are identified nearly the same which is consistent with the realistic same 
length of these two notches.  
Similarly, to quantitatively evaluate the notch length, the Xcorr of the short notch 
and the reference notch along the x-axis line are plotted together as given in Figure 8.14b 
for analysis. Nearly the same peak values of these two notches are observed which is 
consistent with the real condition and confirms that these two notches have the same depth. 
By adding the same threshold at 0.2, the lengths of the notches are observed to be different, 
indicating that the different notch lengths are quantitatively detected. The notch length and 
depth evaluation results demonstrating the quantification capability of the proposed 
imaging technique for notches of various sizes in depth and length. 
8.3 LAMB WAVE ENERGY IMAGING METHOD 
When Lamb waves propagate in a structure and arrive at a structural discontinuity 
such as boundary or defect, waves will interact with it resulting in a modified propagation 
path. The same phenomenon has been observed through the area scanning inspection in 
Section 8.2.2. During the wave propagation, it carries the wave energy propagating in the 
structure, and the wave energy in the plate is redistributed due to the presence of the 
damage.  
Various damage detection methods based on wave energy distribution have been 




In this dissertation study, the cumulative kinetic energy method was adopted to calculate 
the wave energy E (x, y) of point (x, y) at a certain time range of t1 ≤ t ≤ t2 as 
 







E x, y v x, y,t dt= 
 (8.4) 
where E (x, y) denoted the calculated wave energy in the time range from t1 to t2, and v(x, 
y, t) denoted the out-of-plane velocity signal at point (x, y). In this dissertation study, two 
wave energy-based methods are investigated for damage detection and evaluation. One 
method is the full-wave energy method that full SLDV captured waves including both the 
incident waves and full damage scattered waves are taken into consideration. The other 
method is the scattered-wave energy method that the damage-scattered waves are extracted 
first then its energy is calculated for damage evaluation.  
8.3.1 FULL WAVEFIELD ENERGY IMAGING METHOD 
8.3.1.1 Imaging application for notches with various sizes 
The full-wave energy imaging can be calculated directly from the SLDV captured 
full wavefield by the equation (8.4). The three 0.5-mm thick T304 steel plate samples with 
notches of various sizes used in Section 8.2.3 are being inspected in this section. The full 
wavefields of these three notches are acquired by SLDV scanning and wavefields at the 
selected time of 40 µs are given in Figure 8.15a, b, and c, respectively.  
Wave-damage interactions all are observed in the three plates, which indicates that 
the Lamb wave energy distributions in the plate have been modified by the notches. The 
reference notch provides the strongest wave interactions as compared to those of shallow 
notch and short notch since it has the largest dimension in both length and depth. However, 





Figure 8.15: The aligned inspection full wavefields of (a) reference notch, (b) shallow 
notch, and (c) short notch with various sizes at 40 μs; and their full waves energy imaging 
results in (d), (e), and (f), respectively.  
Except for the aligned notch inspection (with respect to 0˚ notch orientation), 
normal notch (90˚ notch orientation) inspection is also implemented using the full energy 
imaging method. The full wavefields of these three notches are acquired by SLDV 
scanning and wavefields at the selected time of 40 µs are given in Figure 8.16a, b, and c, 
respectively.  
Unlike the aligned inspection, very weak wave-damage interactions are observed. 
From the wavefields, it is difficult to observe the wave-damage interactions with the 
notches, let alone quantify and evaluate the notches. The full-wave energy imaging 



















shown in Figure 8.16d, e, and f, respectively. Results show that the three notches all still 
have been imaged using the full-wave energy imaging method, even though barely wave-
damage interactions are observed in the time-space wavefields, demonstrating the full-
wave energy imaging method is robust for damage imaging. All three imaging results show 
that the Lamb wave energy is blocked at the notch location, some are reflected and 
interfered with the incident waves resulting in the incident wave map on the left side of the 
notches; and some are transmitted through and still propagated on the right side of the 
notches. 
 
Figure 8.16: The normal inspection full wavefields of (a) reference notch, (b) shallow 
notch, and (c) short notch with various sizes at 40 μs; and their full waves energy imaging 






















8.3.1.2 Imaging application for the complicated damage inspection 
The application of the three notches with various sizes demonstrate that the full-
wave energy imaging method is robust, and it provides an efficient and rapid inspection 
means. The full energy imaging method is then further explored for a complicated damage 
inspection. In this study, the detection of a scratch defect embedded in a notch is performed. 
A 0.45-mm steel plate with a notch with the size of the reference notch is used. To introduce 
an embedded scratch in the notch, an endmill CNC drill bit with a sharp tip is used to 
scratch on the surface of the notch manually. The scratch illustration and the scratched 
defect in the notch are shown in Figure 8.17.  
 
Figure 8.17: The handmade scratch embedded in the notch by CNC drill bit tip. 
Both aligned inspection and normal inspection are implemented using the ACT-
SLDV Lamb wave system. The full wavefields of aligned inspection are acquired by SLDV 
scanning and wavefields at the selected time of 40 µs are given in Figure 8.18a. The wave-
damage interactions with the scratch tips can roughly be identified at the notch location as 
compared to the simple notch case in Figure 8.15a. Then the full energy imaging of the 
scratch is calculated and given in Figure 8.18b. The comparison of the simple notch 
imaging in Figure 8.15d shows that the scratch pattern is observed with the tips have the 
strongest energy due to the energy trapped at the scatch.  
 
Drill bit  
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Figure 8.18: Inspection of scratch embedded in notch. (a) Aligned inspection wavefield at 
40 μs and (b) aligned inspection full wave energy imaging. (c) Normal inspection wavefield 
at 40 μs, and (d) normal inspection full wave energy imaging. 
The full wavefields of normal inspection are acquired by SLDV scanning and 
wavefields at the selected time of 40 µs are given in Figure 8.18c. The wave-damage 
interactions with the scratch tips can roughly be identified at the notch location as 
compared to the simple notch case in Figure 8.16a. Then the full energy imaging of the 
scratch is calculated and given in Figure 8.18d. The comparison of the simple notch 
imaging in Figure 8.16d shows that the scratch pattern is observed with the tips have the 
strongest energy due to the energy trapped at the scatch.  
8.3.2 WAVENUMBER FILTERING ENERGY IMAGING METHOD 
As it can be noted that a strong incident wave map and transmitted wave map are 
observed in Figure 8.18b and d. The same result is observed in the imagings of the various 
sizes notches in Figure 8.16d, e, and f. This is because the full-wave energy imaging 
method takes all the incident waves, damage waves, and transmitted waves into account 
for inspection. Therefore, to highlight the damage imaging and remove the damage 


















evaluation, an alternative scattered wave energy map method is studied. The scattered wave 
energy imaging method uses the damage scattered waves only, which aims. Therefore, the 
essential work is to extract the scattered waves from the full waves. The frequency 
wavenumber filtering method has been proven effective to extract the scattered waves as 
has been introduced in Section 8.2.1. The first step is to convert the time-space wavefield 
to the frequency wavenumber domain by the three-dimensional Fourier transform (3DFT) 
method. With the scattered wavenumber filtered out, the time-space wavefield of scattered 
waves is obtained by the inverse 3DFT method. Then the scattered wave energy imaging 
is calculated using the extracted scattered waves with the equation (8.4). 
 
Figure 8.19: Scattered wavefield of (a) the simple notch at 40 μs and (b) its energy imaging 
result. 
For the simple reference notch, the full wavefield with scattered waves as well as 
incident waves and transmitted waves are presented in Figure 8.11a. By the frequency-
wavenumber filtering method, the notch scattered waves are extracted and the scattered 
wavefield at 40 μs is given in Figure 8.19a. Its comparison of the full wavefield in Figure 
8.11a shows that only the notch scattered waves have successfully been retained. Then the 
scattered wave energy imaging is calculated by the equation (8.4) and the result is shown 
in Figure 8.19b. It is noted that the notch is precisely imaged, and it is highlighted in the 






Figure 8.20: Inspection results of scratch embedded in the notch (a) wavefield at 40 μs and 
(d) the scattered wave energy imaging.  
For the inspection of the scratch embedded in the notch, the full wavefield with 
scattered waves as well as incident waves and transmitted waves are presented in Figure 
8.18a. By the frequency-wavenumber filtering method, the notch scattered waves are 
extracted and the scattered wavefield at 40 μs is given in Figure 8.20a. Its comparison of 
the full wavefield in Figure 8.18a shows that only the damage-scattered waves have 
successfully been retained. Then the scattered wave energy imaging is calculated by the 
equation (8.4) and the result is shown in Figure 8.20b. It is noted that the scratch is imaged 
with its slim pattern and location precisely demonstrated, and it is highlighted in the 
imaging with the incident wave and transmitted wave energy pattern removed. Moreover, 
the simple notch pattern which wraps the slim scratch is successfully imaged, 
demonstrating that the scattered wave energy imaging technique is feasible for complicated 






PART Ⅲ: SHM/NDE APPLICATIONS 
CHAPTER 9  
APPLICATION ON NUCLEAR SPENT-FUEL DRY CASK 
9.1 INTRODUCTION 
Since 1986, above-ground dry storage casks for spent fuel rods were employed to 
the Surry Nuclear plant as a temporary solution for high-level waste storage until a more 
permanent solution could be found. That permanent solution has proved elusive over the 
years and dry storage casks have become more of a semi-permanent solution as opposed 
to a temporary one. Because of the increased service life required of the casks, there is a 
concern about the integrity of the internal structures of the casks. A primary such structure 
is a basket in which the spent fuel rod clusters are placed. No internal sensors were part of 
the cask design and these cracks cannot be open for obvious reasons. This presents a 
difficult, although common, problem for structural health monitoring (SHM); assessing the 
structural integrity of a complex enclosed structure with only access to the outside. 
Acoustic based methods have a long history in SHM. It is well known that discontinuities 
in a structure can change the acoustic speed and scatter ultrasonic waves. Acoustic methods 
can be categorized into passive acoustics and active acoustics. Passive acoustics or acoustic 
emissions, in which the acoustic energy originates from the structure itself, typically 




which requires an input of acoustic energy into the structure, such as using a piezoelectrical 
transducer. And sensors are used to detect the response of the structure.  
At the University of South Carolina, our team aims to explore passive (acoustic 
emissions) and active ultrasonic (ACT Lamb wave) interrogated methods for the dry cask 
storage. The passive acoustic emission (AE) method aims to perform real-time monitoring 
of the structure, which can detect the degradation or loss of component integrity at a very 
early stage. The early-stage detection and location of AE will provide a global warning for 
active ultrasonic inspection to focus on areas of high concern. Then, the active ultrasonic 
inspection technique will provide detailed on-demand probing of the source of the 
degradation. In this research, our goal is to explore an active ultrasonic inspection method 
by using the non-contact ACT-SLDV Lamb wave system. 
Our target nuclear structure is the horizontal design spent fuel dry storage casks 
that are made of multiple layers of metals and composites [148]. The multi-layered 
cylindrical structure is majorly made of stainless-steel materials and likely subject to the 
development of cracking. During the service of the dry cask storage, when the crack is 
generated in the structure, it will keep growing as time goes on. This will threaten the safety 
of the dry cask storage seriously. Hence, perform the crack inspection before it breaks is 
very important. In this study, we first conducted the preliminary machined crack inspection 
by the target non-contact system to explore the inspection capability. Then the inspection 
was moved on to the real fatigue induced crack inspection. To address the complex multi-
layer structures in spent fuel casks, systematic studies of detection of machined crack, 
simulated crack, fatigue induced crack, crack growth under fatigue loading, as well as 




9.2 MACHINED CRACK INSPECTION 
The machined through-thickness crack (with 10-mm length and 0.5-mm width) was 
manufactured in the 1-mm thick aluminum plate. Two cases, waves with the normal 
incident (case 1 Figure 9.1a) and the aligned incident (case 2 Figure 9.1b) w.r.t the length 
dimension of the crack, were investigated. For the normal incident inspection, the crack 
center is placed at x = 60 mm with the ACT actuation in the plate defined as Cartesian 
coordinates origin. For aligned inspection, the crack starts at x = 40 mm of the ACT 
actuation as the origin of the Cartesian coordinate. Clay was put on the plate boundary to 
minimize the boundary reflections.  
 
Figure 9.1: Two inspection cases of 10-mm long through-thickness crack in 1-mm thick 
aluminum plate. (a) case 1: normal incident inspection, (b) case 2: aligned incident 
inspection. 
120 kHz ACT (AS120Ti) was used for actuation, and the excitation center was set 
as the coordinate origin (Figure 9.1a). The distance d between the specimen and the ACT 
was set at 25 mm; and the incident angle was set at 20˚ for A0 mode actuation. The crack 
was 60 mm away from the ACT actuation center as shown in Figure 9.1a. For sensing, the 
reflective tape was put on the sensing area for reflective enhancement. The sampling 
frequency is 10.24 MHz and the signals were averaged at 100 for improving the SNR. 
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9.2.1 NORMAL INCIDENT INSPECTION 
9.2.1.1 Linescan 1D inspection 
For normal incident inspection, the 1D Lamb wave wavefield u (t, x) was obtained 
through a point-by-point line scan along the x-axis from 20 mm to 100 mm with a 1-mm 
spatial resolution by the SLDV system. The line scan grids were illustrated in Figure 9.1a 
and the collected 1D wavefield is given in Figure 9.2a. 
 
Figure 9.2: The 1D scanning inspection results of the 10-mm crack for case 1. (a) the 1D 
wavefield result, and (b) the f-k spectrum result. 
It can be observed that the ACT Lamb wave is actuated and propagates along the 
x-axis. When the incident waves arrive at the crack, reflections are generated from the crack 
and then propagate toward the origin. As the reflected waves propagate back, some incident 
waves are still propagating before the crack due to the long spreading out in the time 
domain. Thus, the reflected waves overlap with the incident waves resulting in likely 
standing waves with peaks and valleys. On the other side, some waves transmit through 
the crack and continue propagating with significantly reduced strength. 
To further analyze the 1D wavefield in frequency or wavenumber components, the 
2D-FT analysis was applied to obtain the f-k representation. The frequency-wavenumber 
spectrum was plotted with the theoretical ones as shown in Figure 9.2b. By matching the 
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spectra with the theoretical ones, it can be observed that there is only an A0 mode. And 
both positive and negative wavenumbers of A0 mode are observed. The positive 
wavenumber represents the incident A0 mode Lamb wave propagates along the positive x-
axis direction. The negative wavenumber represents the A0 mode Lamb wave reflected at 
the crack and propagates back forward along the negative x-axis direction. Besides, no 
reflected S0 mode was observed in the f-k spectrum. Hence, by f-k spectrum analysis, it is 
seen that the reflection happens when the Lamb wave interacting with the crack. Moreover, 
the reflected Lamb wave can be verified as A0 mode. 
During the 2D FT, the spatial information regarding the wavenumber distribution 
is lost. To retain the spatial information, and to derive the variation of wavenumber w.r.t. 
the propagation distance (spatially), a windowing technique is introduced known as the 
short space Fourier transform. It is a straightforward extension of the short-time Fourier 
transform to two-dimensional problems, that is, breaking down the time-space wavefield 
into small segments over the space dimension before Fourier transformation.  
To do this, the wavefield data are multiplied by a fixed size window function which 
is non-zero for only a short period in space while constant over the entire time dimension. 
The 2D-FT is then applied to the resulting wavefield segments. When the window slides 
along the space dimension, a set of windowed wavefield segments is generated. A 2D-FT 
is applied to these segments, resulting in a set of frequency-wavenumber spectra that are 
indexed by the locations of the window. Through this technique, the spatial information is 
retained. Mathematically, the short space 2D-FT is implemented through spatial 
windowing technique, as  








where x̅ s the retained spatial argument and W (t, x) is a window function. In our study, a 
Hanning function is used to construct the window W (t, x), given as  
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where Dx is the window length in the space dimension. As stated above, by sliding this 
window along the space dimension, the resulting space-frequency-wavenumber spectrum 
can indicate how the frequency and/or wavenumber components vary in space [162].  
 
Figure 9.3: The k-x spectrum results of the damage detection at the center frequency (120 
kHz). 
Using the SS-FT, the obtained k-x spectrum of its center frequency (120 kHz) was 
shown in Figure 9.3. In Figure 9.3, the A0 Lamb wave propagating characterization along 
the distance can be observed. For the transmitted wave, it was first generated by the 
excitation source then propagating forward. When it reached the crack, the wave 
interaction initiated, such as reflection and scattering. The reflected A0 mode was initiated 
around the crack location. And after interacting with the crack, it is seen that the transmitted 
wave is reduced. In conclusion, the normal crack was successfully inspected by the ACT-









9.2.1.2 Areascan 2D inspection 
To acquire more information on crack inspection, 2D wavefield v (x, y, t) was then 
acquired through a 2D point-by-point scanning with a spatial resolution of 1 mm. The 
acquired 2D wavefield (x = 40 ~ 80, y = -15 ~ +15) at 60 μs v (x, y) was given in Figure 
9.4b with the crack pattern and location marked in the picture. For comparison purposes, a 
2D wavefield at the same traveling time of the pristine plate is given in Figure 9.4a.  
 
Figure 9.4: 2D wavefield inspection results of the normal inspection with the pristine 
wavefield for comparison. (a) the wavefield of the pristine plate, (b) the wavefield of the 
plate with damage. 
It can be observed that in the pristine plate, the ACT Lamb wave propagates 
smoothly with evenly distributed wave peaks and valleys. Yet for wavefield with crack 
(Figure 9.4b), strong wave interactions are observed at the crack (60 mm). The detoured 
waves travel around the crack tips and continue propagating forward (Figure 9.4b, the 
dotted-box illustrates the actual crack).  
On the right side of the crack, the transmitted wave strength is reduced significantly. 
With the wave propagation pattern at the crack observed in the wavefield, the normal crack 

















9.2.2 ALIGNED INSPECTION 
9.2.2.1 Linescan 1D inspection 
For the crack inspection with aligned incident waves, a line scan was first 
conducted along the x-axis from 0 mm to 80 mm with a 1-mm spatial resolution (Figure 
9.1b). The collected 1D wavefield is given in Figure 9.5a. As it can be noted the ACT 
Lamb wave is actuated successfully then propagates along the x-axis. Wave interactions 
are observed when the incident waves arrive at the crack. The waves’ strength within the 
crack location is increased showing higher intensity than that in the out-of-the-crack area. 
But no significant reflection and transmission reduction is observed. To further analyze the 
1D wavefield in the frequency or wavenumber domain, the 2D-FT analysis was applied to 
obtain the f-k representation. The frequency-wavenumber spectrums were plotted with the 
theoretical ones in Figure 9.5b.  
 
Figure 9.5: The 1D in-line crack inspection wavefield and its f-k spectrum. (a) 1D scanning 
wavefield, (b) f-k spectrum [147]. 
By matching the spectrums with the theoretical ones, it can be observed that there 
are positive wavenumbers of A0 mode, representing the incident Lamb wave propagates 
along the positive x-axis direction. Besides, negative wavenumbers of S0 mode are also 
observed though with much lower strength. It indicates some A0 mode Lamb waves are 
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converted to S0 mode Lamb waves then reflected and propagate along the negative x-axis 
direction. 
 
Figure 9.6: (a) The wavenumber distribution of the crack inspection along the propagation 
path at 120 kHz, and (b) the zoom-in of the negative wavenumbers. 
To further analyze the wavenumber distribution spatially, the k-x spectrum of its 
center frequency 120 kHz was obtained by applying the SS-FT method as given in Figure 
9.6a. It was observed that incident A0 mode propagating along the x-direction. When it 
reaches the crack location (40 ~ 50 mm), wave interactions are observed. Besides, some 
very weak negative wavenumber spectrum is also observed. To further observe this 
wavenumber spectrum clearly, a zoom-in view of wavenumber from -1 to 0 is given in 
Figure 9.6b. It was observed that at the crack location, reflected A0 mode and mode 
converted S0 mode were both observed. while the converted S0 mode is stronger than the 
reflected A0 mode. Hence, the 1D line scan detected the crack successfully. 
9.2.2.2 Areascan 2D inspection 
The area scan 2D inspection is conducted to gather more information about the 
aligned crack inspection. The acquired 2D wavefield with 1-mm spatial resolution (x = 32 
~ 60, y = -15 ~ +15) at 60 μs is shown in Figure 9.7.  
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Figure 9.7: 2D area can inspection wavefield at 60 μs with aligned incident waves [147]. 
With the actual crack tips marked in the wavefield, it is noted that significant wave 
interactions are observed at the crack location. The wave strength is increased at the crack 
due to the waves trapped at the crack. On the right side of the crack, it is seen that the Lamb 
waves continue propagating forward without obvious strength modification. The increased 
image intensity due to energy trapping allows for the identification of the tips and 
dimension of the crack, and hence, the crack length can be estimated as 11 mm yielding an 
error of about 10% through area scan wavefield inspection.  
9.2.3 QUANTITATIVE IMAGING INSPECTION 
To quantitatively evaluate the machine crack, the full-wave energy imaging method 
outlined in Chapter 7 is then applied. The full-wave energy imaging of the normal incident 
inspection can be directly calculated from the 2D wavefield as presented in Figure 9.4b. 
The calculated imaging is given in Figure 9.8b. For comparison purposes, the full-wave 
energy imaging of the pristine plate calculated from Figure 9.4a is presented in Figure 9.8a. 
The energy map in the pristine plate shows that as the propagation distance increase, the 
wave energy is decreased due to the wave decaying in the materials, and the highest energy 
value in this scanning range is at the nearest distance to the source. Compared to the pristine 






strongest energy is observed at the crack location. This may be due to some waves trapped 
at the crack during the wave-crack interaction, resulting in the energy gathered at the crack. 
Other than that, peaks and valleys of energy distribution are observed before the crack, this 
indicates that the majority of the waves are reflected and interfere with the forward 
propagating waves resulting in likely standing waves. Hence, after the crack, there is nearly 
no energy transmitted through resulting in nearly zero-energy showing up. 
 
Figure 9.8: The full-wave energy imaging inspection of the crack with normal incident 
waves. (a) the full-wave energy map of the pristine plate for the comparing purpose, (b) 
the full-wave energy map of the crack plate [158]. 
 
Figure 9.9: The full-wave energy imaging inspection of the crack with aligned incident 
waves [158]. 
To compare and analyze the energy trend of pristine and crack plates with details, 
the 1D wave energy of these two scenarios along the x-axis from 35 mm to 80 mm are 











the energy distribution with high energy value at the crack and standing waves are 
generated before the crack as compared to the evenly attenuated energy distribution in the 
pristine plate. The full wavefield energy imaging method is very straightforward and 
provides rapid damage inspection. 
The full-wave energy imaging of the aligned incident inspection can be directly 
calculated from the 2D wavefield as presented in Figure 9.7. The full-wave energy imaging 
of the crack is shown in Figure 9.10. 
 
Figure 9.10: The full-wave energy imaging inspection of the crack with aligned incident 
waves [158]. 
With the actual crack size and location marked in the imaging, it is noticed that the 
wave energy increased at the crack location, which indicates that the wave energy was 
trapped at the crack location. By matching the energy imaging result with the actual crack, 
they match very well with good localization and quantification result. 
9.3 DAMAGE GROWTH MONITORING AND EVALUATION 
For engineering structures, if there are cracks presented, the cracks will grow and 
threaten the structural health during the service. If the growth of the crack is not detected 
in time and result in structure failure, it will lead to large economic loss and even life-
threatening. Hence, crack growth monitoring is of much importance. In this section, we 





sizes of quartz rods for proof of concept study. In this proof of concept work, the objective 
is to develop a crack growth detection method that can designate a damaged signature to 
be correlated to the degradation of the structure. Here, crack growth is simulated by quarts 
of different sizes located in a 1-mm aluminum plate. Based on the previous optimization, 
the ACT incident angle is set as θ = 20˚ and the distance of the transducer and the plate 
surface is set to d = 25 mm for the inspection.  
9.3.1 DAMAGE SIZE GROWTH MONITORING 
The first case of the study uses quartz rod of various sizes (D = 4, 8, 10, 12 mm in 
diameter, shown in Figure 9.11) to simulate various defects and to represent its growth 
(enlargement in diameter), a.k.a. the degradation of the overall structural integrity. The 
rods are located at x=70 mm in this test. 
 
Figure 9.11: Quartz rods of different sizes (4, 8, 10, 12 mm diameters, from left to right) 
for simulating damage. 
2D wavefield (x = 45 ~ 90 mm, y = - 20 ~ 20 mm) are collected over the grids 
defined with 1 mm spatial resolution in both x and y directions. Wavefields for each damage 
level (diameter size) at 60 µs are given in Figure 9.12. 
By comparing these 2D wavefields to the pristine wavefield (Figure 9.4a), it is 
noted that the ACT-Lamb wave exhibit strong interactions around the locations where 
damages are present (roughly at 70 mm), manifesting the damage modified the Lamb wave 
propagation. Moreover, it is seen that as the damage size increases, the interaction becomes 




stronger. Although the 2D wavefield can be obtained and the interactions of the Lamb 
waves and the damage can be observed, it is difficult for damage localization and 
quantification, due to the fact 2D wavefield only represent the wave distribution at a 
specific recording time. To quantitatively evaluate the damage of various sizes, the imaging 
technique is then implemented.  
 
Figure 9.12: 2D wavefields recorded at 60 μs at each damage level. (a) d = 4 mm, (b) d = 
8 mm, (c) d = 10 mm, and (d) d = 12 mm. 
9.3.1.1 The full-wave energy imaging inspection 
The full-wave energy imaging method is first implemented to these 2D wavefields, 
and the calculated 2D imaging results are given in Figure 9.13. In Figure 9.13, the black 
circle represents the actual damage size and location. It shows when the waves arrive at the 
defect, the energy was nearly all blocked for further transmission through by the defect, 
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is reflected toward the source, making the energy right before the damage becomes 
significant. The wave interactions and energy distribution show: (1) all defects at different 
sizes were detected successfully. (2) The damage modified the wave energy distribution. 
The energy was majorly reflected; as a result, the wave energy at the location before the 
defect increased and the transmission wave energy significantly reduced. (3) The energy 
distribution pattern is related to the size of the defect. The larger the defect, the more waves 
will be blocked from transmitting through (i.e. low energy area where the damage is 
located). Moreover, more energy will be reflected by larger damage, resulting in more 
energy right before the damage location.  
 
Figure 9.13: The ACT-SLDV 2D imaging results at each level damage. (a) d = 4 mm, (b) 
d = 8 mm, (c) d = 10 mm, and (d) d = 12 mm. Black circle represents the actual damage 
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As we have observed in Figure 9.13, the imaging result is highly related to the 
damage location and damage size. Therefore, damage evaluation was further studied for 
damage localization and quantification as shown in Figure 9.14. 
 
Figure 9.14: Damage localization and quantification evaluation results of (a) d = 4 mm, (b) 
d = 8 mm, (c) d = 10 mm, and (d) d = 12 mm. 














d = 4 69.1 mm 1.29 6.2 55 
d = 8 70.1 mm 0.14 10.2 27.5 
d = 10 70.5 mm 0.71 13.3 33 
d = 12 69.7 mm 0.43 14.8 23.3 
 
Damage localization was based on the detected damage center. And the detected 
damage center was obtained through the edge of the “dark blue area” plus the radius of the 
actual damage size. While the damage quantification was based on length along the y-axis 
of the “dark blue area” at x = 70 mm (actual damage center). For the damage detection 















the actual damage radius was 2 mm. Hence, the detected damage center was located at 69.1 
mm. By using the same method, damage localization and quantification evaluation results 
for each damage level (diameter size) were given in Figure 9.14. And the damage 
evaluation results were listed in Table 9.1, we can conclude that the energy image method 
can locate the damage with a 0.14% error and evaluate their size with a 23.3% error. 
9.3.1.2 Wavenumber filtering imaging inspection 
The wavenumber filtering imaging technique by filtering the scattered waves is 
implemented. For the smallest quartz (d = 4mm), its wavenumber spectra were obtained 
by the 3DFT method, and the calculated wavenumber spectrum at 120 kHz is presented in 
Figure 9.15a. It is noted that except for the incident A0 wavenumbers, there are new lower 
wavenumbers, and they are treated as the damage introduced scattered-wavenumbers. 
These lower wavenumbers are then filtered by a low-pass filter, and the filtered scattered 
wavenumbers are given in Figure 9.15b. As it can be noted that all lower wavenumbers are 
successfully filtered. 
 
Figure 9.15: (a) The full wavenumber spectrum of d = 4 mm damage; (b) the filtered 
scattered wavenumbers. 
The filtered scattered wavenumbers are then transferred to the 2D wavefield by the 
inverse 3DFT method, the obtained scattered wavefield is shown in Figure 9.16a. By 








are retained. With the damage size and location marked in the wavefield, significant 
scattered waves at the damage location are observed with strong wave strength, 
demonstrating that the scattered waves that are introduced by the damage are successfully 
filtered. Then by calculating the energy of the scattered waves, the damage imaging result 
is presented in Figure 9.16b with the actual damage size and location marked in a black 
circle line. Through comparison, it is seen that the damage with d =4 mm is precisely 
imagined with the size and location matches very well with the actual damage.  
 
Figure 9.16: (a) The filtered scattered wavefield at 60 μs, and (b) the wavenumber filtering 
imaging of the d =4 mm damage. 
Similarly, for the damage with d = 8 mm, the wavenumber spectrum is obtained by 
the 3DFT method and the wavenumber spectrum at 120 kHz is presented in Figure 9.17a. 
With the designed low-pass filtered, the new lower wavenumbers are filtered and the 
filtered spectrum at 120 kHz is given in Figure 9.17b, showing that the new wavenumbers 
filtered successfully. Filtered scattered wave 2D wavefield at 60 μs is given in Figure 9.17c. 
By comparing to the full wavefield in Figure 9.12b, it is noted that only the scattered waves 
are retained. With the damage size and location marked in the wavefield, significant 
scattered waves at the damage location are observed with strong wave strength, 
demonstrating that the scattered waves that are introduced by the damage are successfully 






With the black line indicating the actual damage size and location, the imaging shows that 
the damage with d = 8 mm is precisely imaged with the size and location matches very 
well with the damage. 
 
Figure 9.17: (a) the full wavenumber spectrum at 120 kHz, (b) the filtered scattered 
wavenumber spectrum at 120 kHz, (c) the filtered scattered wavefield at 60 μs, and (d) the 
wavenumber filtering imaging of the d =8 mm damage. 
For the damage with d = 10 mm, the wavenumber spectrum is obtained by the 3DFT 
method and the wavenumber spectrum at 120 kHz is presented in Figure 9.18a. With the 
designed low-pass filtered, the new lower wavenumbers are filtered and the filtered 
spectrum at 120 kHz is given in Figure 9.18b, showing that the new wavenumbers filtered 
successfully. Filtered scattered wave 2D wavefield at 60 μs is given in Figure 9.18c. By 
comparing to the full wavefield in Figure 9.12c, it is noted that only the scattered waves 
are retained. With the damage size and location marked in the wavefield, significant 






demonstrating that the scattered waves that are introduced by the damage are successfully 
filtered. Next, the scattered wave energy imaging is generated as presented in Figure 9.18d. 
With the black line indicating the actual damage size and location, the imaging shows that 
the damage with d = 10 mm is precisely imaged with the size and location matches very 
well with the damage. 
 
Figure 9.18: (a) the full wavenumber spectrum at 120 kHz, (b) the filtered scattered 
wavenumber spectrum at 120 kHz, (c) the filtered scattered wavefield at 60 μs, and (d) the 
wavenumber filtering imaging of the d =10 mm damage. 
For the damage with d = 12 mm, the wavenumber spectrum is obtained by the 3DFT 
method and the wavenumber spectrum at 120 kHz is presented in Figure 9.19a. With the 
designed low-pass filtered, the new lower wavenumbers are filtered and the filtered 
spectrum at 120 kHz is given in Figure 9.18b, showing that the new wavenumbers filtered 
successfully. Filtered scattered wave 2D wavefield at 60 μs is given in Figure 9.19c. By 






are retained. With the damage size and location marked in the wavefield, significant 
scattered waves at the damage location are observed with strong wave strength, 
demonstrating that the scattered waves that are introduced by the damage are successfully 
filtered. Next, the scattered wave energy imaging is generated as presented in Figure 9.19d. 
With the black line indicating the actual damage size and location, the imaging shows that 
the damage with d = 12 mm is precisely imaged with the size and location matches very 
well with the damage. 
 
Figure 9.19: (a) The full wavenumber spectrum at 120 kHz, (b) the filtered scattered 
wavenumber spectrum at 120 kHz, (c) the filtered scattered wavefield at 60 μs, and (d) the 
wavenumber filtering imaging of the d =12 mm damage. 
9.3.2 DAMAGE MOVEMENT MONITORING 
This section presents the study of damage location movement inspection. A 4 mm 
diameter quartz rod with its location is moved forward from the ACT actuation source to 






wave scatter) and crack growth (crack tip movement), a.k.a. the degradation of the overall 
structural integrity. The quartz was first located at x=40 mm and then moved toward x = 
50, and 60 mm with 10 mm crack increment. 
9.3.2.1 Full-wave energy imaging inspection 
2D wavefields were collected over the area scan grids (x = 25 ~ 70 mm, y = -20 ~ 
20 mm) defined with 1 mm spatial resolution in both x and y-direction. Wavefields of 
different damage locations recorded at 60 µs are given in Figure 9.20a, b, and c for 
locations at 40 mm, 50 mm, and 60 mm respectively.  
 
Figure 9.20: 2D wavefields recorded at 60 μs for the damage (d = 4 mm) at different 
locations. (a) x = 40 mm, (b) x = 50 mm, and (c) d = 60 mm. 
The black dotted lines indicate the actual damage sizes and locations in the structure. 










locations. The ACT Lamb waves were blocked at the damage location, resulting in 
significantly reduced transmitted waves on the right side of the damages.  
To quantitatively evaluate the damage, the full-wave energy imaging method is 
then applied to these wavefields. The full-wave energy images of these various damage 
locations were obtained and the results are given in Figure 9.20d, e, and f, respectively for 
locations at 40 mm, 50 mm, and 60 mm with the black circle represents the actual damage 
and location for comparison. The imaging results show that all damages at different 
locations were successfully detected. When the waves arrive at the defect, the energy was 
nearly all blocked off for further transmission through by the defect, resulting in a “dark 
blue area” at and after the location of the damage. And the energy was majorly reflected; 
as a result, the wave energy at the location before the defect increased. What’s more, as the 
damage gets closer to the source, the wave energy at the location before the defect increased 
more due to the stronger reflection. 
 
Figure 9.21: Damage localization evaluation for damage (d = 4 mm) at various locations, 
(a) x = 40 mm, (b) x = 50 mm and (c) d = 60 mm. 
Damage evaluations about damage localization (simulated crack tip location) and 
crack tip growth were further studied. First, by using the same damage localization method 
as case 1, the damage localization evaluation results were obtained, and as given in Figure 
9.21. Then the crack tip growth evaluation was further studied. The actual crack growth is 
39.1 mm 
(a) (b) (c) 




10 mm (the interval distance of three simulated crack tip locations); and the detected crack 
tip growth is the interval distance of three detected crack tip locations. The crack growth 
detection evaluation results were listed in Table 9.2. From Table 9.2, we can conclude that 
the energy image method can detect the crack tip location with a 0.2% error and detect the 
crack tip growth with a 3% error. 

















40 10 39.1 2.3   
50 10  49.4 1.2 10.3 3 
60 10 59.9 0.2 10.5 5 
 
Overall, we have developed an imaging method based on wave energy distribution 
in subject structure to detect, locate and evaluate damage if it occurs, and showed that the 
images are correlated to the structural degradation represented as the damage growth. 
Laboratory proof-of-concept tests were performed, and results are reported here to 
demonstrate the performance of this algorithm. Using simulated damage, we showed that 
the ACT Lamb wave can detect the presence of the crack. Also, the energy distribution 
algorithm can locate the damage with a 0.14% error and evaluate their size with a 23.3% 
error. 
9.3.2.2 Wavenumber filtering imaging inspection 
The wavenumber filtering imaging technique by filtering the scattered waves is 
implemented. Their wavenumber spectra were obtained by the 3DFT method, and the 
calculated wavenumber spectrum at 120 kHz is presented in Figure 9.22a, b, and c for 





Figure 9.22: Wavenumber spectra of the quatz (d = 4 mm) at various locations, (a) x = 40 
mm, (b) x = 50 mm and (c) d = 60 mm, and their filtered scattered wavenumber sptra in 
(d), (e), and (f), respectively. 
Use the low-pass filter introduced previously, their lower wavenumbers are then 
filtered and the filtered scattered wavenumbers are given in Figure 9.22d, e, and f, 
respectively. As it can be noted that all lower wavenumbers are successfully filtered. The 
filtered scattered wavefields are then obtained by the inverse 3DFT method and the 
wavefields at 60 μs are presented in Figure 9.23a, b, and c for damage at 40 mm, 50 mm, 
and 60 mm, respectively. With the actual damage sizes and locations marked in black-







wave energy imaging results are obtained and presented in Figure 9.23d, e, and f for 
damage at 40 mm, 50 mm, and 60 mm, respectively.  
 
Figure 9.23: Damage localization evaluation for damage (d = 4 mm) at various locations, 
(a) x = 40 mm, (b) x = 50 mm and (c) d = 60 mm. 
9.4 FATIGUE CRACK IMAGING INSPECTION 
9.4.1 FATIGUE TEST FOR CRACK GENERATION AND GROWTH 
This section presents the inspection of cracks in plates generated by fatigue testing. 
To prepare the cracked specimens, fatigue tests on the selected metallic materials were 
conducted using the material test system (MTS). Specimens of 100 mm width and 300 mm 
length were cut using a vertical band saw, as demonstrated in Figure 9.24a. The geometry 
was selected such that it was sufficiently wide to allow a long crack to form, and there was 
enough space for the Lamb wave to propagate and interact with the crack. The top and 







Figure 9.24c. A 1-mm diameter hole was created by drilling at the center of the specimen 
to initiate crack growth during fatigue loading (Figure 9.24b). The overall setup for fatigue 
testing is given in Figure 9.24d [157]. 
 
Figure 9.24: Experimental setup for fatigue testing: (a) Specimen preparation; (b) drill 1-
mm hole at the center of the plate for crack initiation; (c) schematic of the fatigue specimen; 
and (d) the overall setup of the fatigue test [157]. 
The fatigue loading was set at a tensile–tensile format to make sure the specimen 
did not buckle. During fatigue testing, the load level applied to the specimen was crucial 
for successful cracking. In this test, the load level was selected based on the yield limit of 
the specimen, which depends both on the material properties and geometry of the specimen. 
The highest load level was set at 65% of the yield strength, and the lowest level was set at 
6.5%. The frequency of the applied cyclic fatigue loading was 4 Hz. A 1-mm aluminum 
2024-T3 plate and a 1-mm stainless steel plate were used. A small piece of the self-adhesive 
measure tape was placed on the specimen surface to measure the rough crack length. When 
the desired crack length was observed, the fatigue test was then paused, and the specimen 
was removed to perform the ultrasonic Lamb wave inspection and evaluation, as described 

















9.4.2 FATIGUE CRACK DETECTION 
The fatigue crack is a 30-mm hairline crack and it was generated under fatigue 
loading with a 1-mm initial-hole in the plate center for crack initiation. The fatigue crack 
and the fatigue loading direction in the specimen are indicated in Figure 9.25. 
 
Figure 9.25: The realistic 30-mm fatigue crack in a 1-mm aluminum specimen. 
9.4.2.1 Normal incident inspection 
The normal incident wave inspection is first performed. The ACT of 120 kHz 
resonant frequency was used for actuation with a 20˚ incident angle for A0 mode and the 
excitation signal was a 5-count tone-burst signal. And the distance d was set at 25 mm for 
optimal actuation. For SLDV sensing, the reflective tape was used for surface reflective 
enhancement. Signals were averaged at 100 to increase the Lamb wave signal SNR. 
The ACT was placed normal to the crack and the ACT axis was along the crack 
center. The ACT excitation center was placed 40-mm away from the crack. Through point-
by-point line scan on a predefined scanning setup (with the spatial sampling interval Δx = 
1mm and temporal sampling frequency 10.24 MHz). 1D wavefield u (t, x) of the Lamb 
wave inspection can be acquired, which contains 2D data set, that is the time domain 
information t and the space domain information x. The acquired 1D wavefield (x = 20 ~ 70 
mm) was given in Figure 9.26a. Observing the wavefield, at the damage location (40 mm), 



































the crack and reflected forward to the excitation source. On the other hand, the transmitted 
wave after the crack was reduced obviously by the crack.  
 
Figure 9.26: The 1D scanning wavefield and the f-k analysis result for the fatigue crack 
inspection in normal conditions. (a) the 1D wavefield, (b) the f-k spectrum. 
To further analyze the damage influence of Lamb wave characterization, the 2D-
FT analysis method was then applied to the 1D wavefield. The obtained f-k spectrum was 
plotted with the theoretical f-k spectrum as given in Figure 9.26b. It is seen that the A0 
mode Lamb wave is actuated by the ACT. The negative A0 wavenumber shows that the 
A0 Lamb wave was reflected when interacting with the crack.  
 
Figure 9.27: Short-space f-k analysis spectrum result. 
To further analyze the Lamb wave characterization along with propagating distance, 
the short-space f-k spectrum at its center frequency 120 kHz was obtained by the short-
space f-k analysis method, and it was given in Figure 9.27. The result shows that as the 
damage  
location 

















incident A0 propagating forward when it arrives at the crack location 40 mm, the 
transmitted A0 Lamb wave is reduced due to the crack blocking, and the reflected A0 Lamb 
wave initiate around the crack location then propagate back to the origin.  
In a summary, the crack was detected both in the wavefield domain and frequency-
wavenumber domain. Besides, by the short-space frequency-wavenumber analysis, the 
Lamb wave characterization along the propagating distance was visualized for wave mode 
interaction analysis. However, for this inspection, the wave reflections may come from the 
crack or the initial hole. Hence, for more information about the wave interaction with the 
crack, area scan inspection will further be performed for further detection study. 
 
Figure 9.28: The area scan inspection result. (a) the 2D wavefield at 50 μs, and (b) the 2D 
imaging result based on energy distribution. 
The 2D wavefield for normal inspection was acquired by a point-by-point area scan. 
For the normal crack inspection, the 2D wavefield at the traveling time 50 µs is given in 
Figure 9.28a with the actual hairline crack marked with a black line. As it can be noted at 
the crack location, the wave interactions were observed with the incident wave was mostly 
blocked by the crack then propagate back to the excitation source. The full-wave energy 
distribution result is given in Figure 9.28b with the hairline crack marked with a black line. 
Through the energy distribution, it is seen that the energy propagating in the specimen was 
















overlapped with the incident wave, resulting in likely standing waves with peaks and 
valleys. By comparing the crack shape and location to the interaction pattern, the crack 
orientation can be identified as normal to the incident wave direction.  
 
Figure 9.29: The wavenumber filtering imaging result for crack detection. 
However, from the imaging result, significant incident wave energy distribution on 
the left side of the crack is noted due to the full-wave energy imaging takes all waves into 
account. To remove the incident wave energy distribution and highlight the crack in the 
imaging, the wavenumber filtering method was used to filter the crack introduced scattered 
waves only. The wavenumber filtering imaging result is presented in Figure 9.29. The 
imaging shows that the crack is highlighted successfully eliminated the incident waves and 
other unrelated waves’ energy distributions.  
9.4.2.2 Aligned incident inspection 
For aligned crack inspection, the ACT was replaced by PWAS due to the space 
limitation for the ACT placement. The hybrid system was configured by using the 
lightweight PZT (Steminc SM412, 0.5 mm thick, and 7 mm diameter) for Lamb wave 
actuation. It has been reported that the Lamb wave frequency would affect the interaction 
between Lamb wave and damage, thus affecting its sensitivity to damage detection. For 











excitation can be achieved at 120 kHz due to the tuning effect [25][26]. Therefore, the 
excitation frequency of 120 kHz was selected for the single A0 mode inspection of the 
fatigue crack.  
 
Figure 9.30: The schematic setup of the lead zirconate titanate (PZT) Lamb wave 
inspection system for crack detection combined with SLDV to obtain the multi-
dimensional scattered waves as well as the incident waves [157]. 
The overall experimental setup is given in Figure 9.30. A function generator 
(Tektronix AFG 3022C) was used to generate a 3-count tone-burst signal at the central 
frequency of 120 kHz. This excitation signal was amplified to 140 Vpp by the power 
amplifier (NF HSA 4014) and applied to the PZT transducer. At the same time, a trigger 
signal from the function generator was used to synchronize the data acquisition of the 
SLDV.  
The PWAS was installed on the specimen edge to minimize the reflection from the 
boundary and the location for PWAS installation was selected to accommodate the wave 
direction is in-line with the hairline crack (Figure 9.31a). The 1D wavefield acquired by 
point-by-point scanning with the spatial sampling interval Δx = 1mm and temporal 
sampling frequency 10.24 MHz. The acquired 1-D wavefield was given in Figure 9.31b 
with the initial hole location (calculated as 50.4 mm based on the Pythagorean theorem) 
marked in the wavefield result. Observing the result, strong reflections were observed both 
before the initial hole location and after the hole location. These reflections indicate that 
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the crack reflections were observed both before and after the initial hole. Hence, the aligned 
crack was detected successfully. 
 
Figure 9.31: The schematic of the 1D scanning setup for in-line crack inspection with PZT 
actuation on the boundary and 1D scanning wavefield. (a) The schematic of the experiment 
setup, and (b) the acquired 1D wavefield. 
 
Figure 9.32: The 2D wavefield at (48 μs) and the 2D imaging result for an in-line crack in 
a 1-mm aluminum plate. (a) the 2D wavefield at 48 μs, and (b) the 2D imaging result. 
2D wavefield was further acquired by point-by-point area scan on a predefined grid 
(x = -15 ~ + 15 mm, y = 0 ~ 65 mm) with 1mm spatial resolution. The acquired 2D 
wavefield at the 48 µs is given in Figure 9.32a. The Lamb wave interaction with the crack 
was observed significantly. The wave was trapped at the crack location which leads to the 
strength at the crack location increased. Moreover, crack shape can be identified. The 2D 


























calculated imaging result was shown in Figure 9.32b. The crack pattern was clearly shown 
in the imaging result and the crack length can be identified around 32 mm and the crack 
shape can be identified as an in-line crack with the incident wave direction. 
In conclusion, the hairline fatigue crack is both detected and quantified through 
normal inspection and aligned inspection. The hairline crack length is quantified with a 
6.7% error for both normal and aligned conditions. Besides, for aligned crack inspection 
cases, the 2D imaging result can identify the crack shape with a very clear hairline crack 
pattern. 
9.4.3 CRACK CROSS-CORRELATION IMAGING INSPECTION AND EVALUATION 
The cross-correlation imaging technique using the incident waves and crack-
induced scattered waves of all directions was implemented to quantify and evaluate the 
crack. The Lamb wavefield v(x, y, t) at selected time t = 35 µs is given in Figure 9.33a. All 
wavefields in the study were individually normalized by their maximum amplitude to show 
the wave propagation or interactions at the damage. It could be seen that the Lamb waves 
were successfully captured with the wave propagation pattern, along with the positive y-
axis demonstrated. Additionally, at the crack location, wave-crack interactions with 
stronger wave intensity at the crack location were observed, as compared to the wave 
intensity of the pristine location. The time-space wave-crack interaction wavefield was 
transferred to the frequency-wavenumber domain by the 3DFT method. At the excitation 
frequency of 120 kHz, the 2D wavenumber spectrum is shown in Figure 9.33b and the 
theoretical wavenumber spectrum was also plotted for comparison. It was found that the 
dominant A0 mode was achieved with the PZT actuated at 120 kHz, which was consistent 




was dominant in positive ky because the propagation direction of the incident waves was 
along the positive y-axis direction. Additionally, some weak high wavenumber 
components larger than the A0 mode were observed in all directions. 
 
Figure 9.33: Experimental wavefield and wavenumber spectrum: (a) 2D wavefield at 35 
µs showing the wave interactions at the crack; (b) wavenumber spectrum at 120 kHz using 
the 3DFT method [157]. 
 
Figure 9.34: Wavenumber filtering process for the extraction of incident waves: (a) 
Designed 2D band-pass filter at 120 kHz for incident wave filtering; (b) filtered incident 
waves spectrum; and (c) the extrapolated incident waves wavefield at 35 μs using the 

























































For the incident wave filtering, a bandpass filter was designed to retain only the 
incident waves of positive ky. The wavenumber filter of 120 kHz is given in Figure 9.34a. 
The red line is the theoretical A0 wavenumber. The bandpass filter details are illustrated in 
the 1D filter (ky = 0 to 1.5 rad/mm) with the theoretical A0 value plotted. By applying the 
filter to the experimental Lamb wave wavenumber spectrum, the wavenumbers of incident 
waves are filtered out. The filtered incident wave spectrum of 120 kHz is given in Figure 
9.34b. By comparing it to the original spectrum (Figure 9.33b), it can be noted that only 
incident A0 was retained. The time-space wavefield of incident waves was then obtained 
by the inverse 3DFT. At 35 µs, the filtered incident wavefield is shown in Figure 9.34c. 
Only the incident waves were retained, compared to the original wavefield. 
 
Figure 9.35: Wavenumber filtering process for the extraction of scattered waves in all 
directions. (a) Designed high-pass filter at 120 kHz for scattered wave filtering; (b) filtered 










































Lamb wave propagation in terms of frequency-wavenumber characterization in a 
structure depends on the frequency and plate thickness [40]. For waves propagating in a 
plate, when a crack happens, these waves would be modified in many ways by the crack 
characteristics including size, depth, shape, and orientation. When cracking happens, the 
thickness at the crack changes and this thickness change might introduce scattered waves 
that propagate with new wavenumber waves in all directions. In Figure 9.33b, it is seen 
that other than the dominant A0 mode, incident wavenumber, weak higher wavenumber 
components were observed in all directions. Therefore, it was assumed that these high 
wavenumber components were related to the scattered waves generated at the crack. To 
obtain the scattered waves, a high-pass filter of all directions was designed. At 120 kHz, the 
wavenumber filter is illustrated in Figure 9.35a with the 1D filter (kx = 0 to 1.5 rad/mm) 
showing the details.  
By applying the high-pass filter, the scattered-wave wavenumbers were filtered out. 
The filtered spectrum at 120 kHz with the theoretical A0 wavenumber is given in Figure 
9.35b. It was found that only higher wavenumbers were retained. The scattered wave 
wavefield was then obtained by inverse 3DFT. At 35 µs, the filtered scattered wavefield is 
given in Figure 9.35c. Compared to Figure 9.33a, only the scattered waves induced at the 
crack were retained. The crack location and dimension could be roughly estimated from 
the scattered wave wavefield. 
First, with the scattered waves filtered, the crack imaging using the wavenumber 
imaging method was obtained, as shown in Figure 9.36, which was generated directly from 
the scattered waves. Details of the wavenumber filtering imaging algorithm can be found in 




filtering method, and the crack length was estimated to be around 14 mm, with a 53.3% 
error. 
 
Figure 9.36: wavenumber filtering imaging result of the fatigue crack [157]. 
 
Figure 9.37: Imaging method comparison: (a) Original back-scattered cross-correlation 
imaging; (b) the proposed cross-correlation imaging result with a more accurate image of 
the entire crack [157]. 
Next, conventional cross-correlation imaging using back-scattered waves cross-
correlated with the incident waves was obtained, as given in Figure 9.37a. The result 
showed that the crack was not imaged using the conventional cross-correlation imaging 
method. This was because the conventional cross-correlation imaging method depends on 
























was aligned with the wave propagation direction, thus, barely back-scattered waves were 
generated by the crack, failing the crack imaging.  
Finally, the cross-correlation algorithm was applied using the filtered incident 
waves and scattered waves to image the crack. The crack imaging result is shown in Figure 
9.37. It could be seen that the entire crack was imaged successfully, and the crack 
dimension matched well with the actual crack. Additionally, the initial hole at the center of 
the crack was also demonstrated in the imaging result. Moreover, the crack was estimated 
at 31 mm, with a 3.3% error. Compared with the wavenumber imaging result, the proposed 
cross-correlation algorithm significantly improved the imaging of the hairline crack. The 
imaging method was based on the wave intensity, but the cross-correlation algorithm 
measured the similarity of the incident waves and the scattered waves of all directions. 
Therefore, even the scattered wave intensity of the bottom part was not as strong as the 
upper part, it could still be imaged clearly. 
9.5 FATIGUE CRACK GROWTH MONITORING AND EVALUATION 
9.5.1 ENERGY IMAGING MONITORING 
In this section, a fatigue crack growing specimen was designed, and it was adopted 
to conduct the fatigue crack growth monitoring based on the ACT-SLDV system. The 
crack specimen was shown in Figure 9.38a. The width of the crack is 100 mm, and there 
is an initial hole in the center for crack initiation. For fatigue crack generation, the fatigue 
loading was loaded at the two ends of the specimen. When the generated crack was 5 mm 
(Figure 9.38b) and 10 mm (Figure 9.38b), the crack length was evaluated, then the crack 





Figure 9.38: The crack growth specimen with a 5-mm crack grows to 10-mm under fatigue 
loading in a 1-mm steel specimen with 1-mm initial hole in the center for crack initiation. 
For normal crack monitoring case, the 2D wavefields of area scan inspection for 5-
mm crack and 10-mm crack are both obtained. Then the 2D scanning imaging method is 
applied to the 2D wavefields. The obtained 2D imaging results are shown in Figure 9.39.  
 
Figure 9.39: The 2D imaging result of (a) 5-mm and (b) 10-mm fatigue crack under normal 
inspection. 
The result of a 5-mm crack (Figure 9.39a) shows that the crack can be identified, 
and the crack length is evaluated as 4.8 mm. As compared to the real crack length of 5 mm, 





















































result of a 10-mm crack (Figure 9.39b) shows that the crack can be identified, and the crack 
length is evaluated as 10.4 mm with a 4% error. Hence, this normal crack monitoring result 
shows that crack growth was detected successfully. 
 
Figure 9.40: PZT-SLDV 2D imaging result of (a) 5-mm and (b) 10-mm fatigue crack under 
in-line inspection. 
For the aligned crack monitoring, the PZT is adapted for actuation due to the limited 
space for ACT actuation. Same with the normal crack case, the 2D wavefields of area scan 
inspection for 5-mm crack and 10-mm crack are both obtained. And the 2D imaging results 
are obtained based on the energy distribution method as given in Figure 9.40. The result of 
the 5-mm crack (Figure 9.40a) shows that the crack can be identified, and the crack length 
is evaluated as 4.2 mm with only a 16% error. Meanwhile, the result of a 10-mm crack 
(Figure 9.40b) shows that the crack can be identified, and the crack length is evaluated as 
10.4 mm with a 4% error. 
Hence, the actual fatigue crack growth monitoring results show that this fully non-





















9.5.2 CROSS-CORRELATION IMAGING MONITORING 
The cross-correlation imaging method was successfully applied for fatigue crack 
imaging and evaluation. In this section, the crack growth monitoring in a 1-mm stainless-
steel specimen was conducted. To monitor the crack growth, fatigue loading was paused 
at two selected crack lengths (5 mm and 10 mm), and the specimen was removed from the 
MTS machine to perform the ultrasonic Lamb wave inspection and evaluation. Note that 
the 5 mm crack was opened with an initial hole at the specimen center in this steel specimen, 
as shown in Figure 7a. However, the hairline crack growths at the crack tips were observed 
for 10-mm cracks, as shown in Figure 7b. 
The same ultrasonic Lamb wave inspection setups were used for the crack growth 
inspection. The time-space wavefields of 5-mm crack and 10-mm crack were acquired 
through the PZT-SLDV system. At 35 µs, the wavefields of the two cracks are given in 
Figure 7. Very weak wave-crack interactions were observed in the wavefields. Compared to 
the 5-mm crack case, a stronger wave-crack interaction was noted for the 10-mm crack case. 
 
Figure 9.41. Wavefield comparison at 35 µs showing wave interactions with cracks of 
different lengths: (a) 5-mm fatigue crack and (b) 10-mm fatigue crack [157]. 
The proposed cross-correlation imaging method was applied to the incident wave 










the 5-mm crack and the 10-mm crack. Both cracks were successfully imaged, as shown in 
Figure 8a and b, respectively. 
The 5-mm crack imaging result (Figure 8a) showed that the crack was successfully 
imaged with the open initial hole at the center. To quantify the crack, the normalized cross-
correlation values from y = 35 mm to y = 65 mm at x = 0 (as indicated in Figure 8a with 
red dotted line) was further plotted; as shown in Figure 8a. At crack-free locations, the 
cross-correlation values were nearly zero; while at the crack locations, the cross-correlation 
values were significantly larger. It straightforwardly demonstrated that the cross-
correlation values at the crack location were much larger than that of the crack-free location, 
including the initial hole location. In this study, a threshold was set to 10% (the black dotted 
line in Figure 8a), and this value was selected based on the noise level of the result. The 
crack length was estimated at 5.2 mm with a 4% error, compared to the actual crack length. 
 
Figure 9.42: The cross-correlation imaging results: (a) 5-mm fatigue crack and (b) 10-mm 
fatigue crack [157]. 
Figure 8b shows the 10-mm crack was successfully imaged. Compared to the 5-
mm crack image, it was observed that both the patterns of the initial hole and the 5-mm 
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two crack tips. Similarly, the normalized cross-correlation values from y = 35 mm to y = 
65 mm at x = 0 (as indicated in Figure 8b with red dotted line) were further plotted (Figure 
7b) to quantify the crack. Compared to the result in Figure 8a, the increased cross-
correlation values of the crack growth were observed. To be consistent with the 5-mm 
crack case, the same threshold of 10% (the black dotted line in Figure 8b) was used to 
quantify the crack length. The 10-mm crack length was estimated at 10.1 mm, with a 1% 
error, compared to the actual crack length. Moreover, smaller cross-correlation values were 
observed at the crack growth locations than the 5-mm crack locations, which might be due 
to the narrower hairline crack growth, as compared to the initial open crack. Based on the 
estimated crack lengths, the crack growth was determined to be 4.9 mm with a 2% error, 
compared to the actual 5-mm crack growth.  
Table 9.3 The crack and crack growth quantification results. 
Actual Crack 
Length 
Estimated Crack Length Error Estimated Crack 
Growth 
Error 
5 mm 5.2 mm 4% 4.9 mm 2% 
10 mm 10.1 mm 1% 
 
The crack growth quantification results are given in Table 9.3. The results of the 
crack growth imaging showed that the proposed imaging algorithm was robust, to 
accurately quantify the cracks and monitor the crack growth. 
9.6 MULTI-LAYER STRUCTURE INSPECTION 
9.6.1 SPECIMEN PREPARATION 
The dry cask storage is a multilayer structure to ensure the closure of the 
irradiations or releases that may harm the eco-environment we lived in. Therefore, in this 






Figure 9.43: (a) The specimen with machined crack, (b) 1-mm aluminum 2024-T3 coupon, 
and (c) the 1.4-mm unidirectional CFRP composite coupon. 
To prepare the multilayer specimen, a 1-mm thick aluminum 2024-T3 coupon, and 
a 1.4-mm thick unidirectional CFRP composite coupon was used to bond with the cracked 
plate (Figure 9.43). Ultrasonic couplant was used for the multilayer structure bonding. To 
systematically develop the multilayer structure inspection, the inspections with multilayer 
actuation and multilayer sensing were both investigated in a two-layered structure and a 
three-layered structure.  
9.6.2 TWO-LAYERED STRUCTURE INSPECTION 
9.6.2.1 Actuation in two-layered structure 
The inspection in the two-layered plate with multi-layered actuation is first 
conducted with the aluminum coupon bonded to the cracked plate (case 1) or composite 
coupon bonded to the cracked plate (case 2) [158]. The two-layered actuation setup is 






coupon to make the multi-layered structure and the ACT actuation was conducted in the 
multi-layered area.  
 
Figure 9.44: The multi-layered structure inspection setups with the ACT actuation in the 
multi-layered area [158]. 
The wavefields of these two cases were captured using SLDV measurements. 2D 
wavefields at 65 μs were shown in Figure 9.45a and Figure 9.45b, respectively. It can be 
found that wave-crack interactions were observed in both cases. The reflected waves were 
generated at the crack and then overlapped with the incident waves resulting in stronger 
waves before the crack. Besides, waves were blocked at the crack resulting in significantly 
reduced transmission.  
 
Figure 9.45: The 2D wavefields of wave-crack interactions at 65 µs acquired with ACT 
actuation in the multi-layered structure. (a) case 1: ACT actuation on the 2-mm two-layered 
(aluminum-aluminum) structure; (b) case 2: the ACT actuation on the 2.4-mm two-layered 
(aluminum-composite) structure [158]. 
To further quantify and evaluate the crack, the full-wave energy map method and 
scattered-wave energy map method were investigated. The full-energy imaging results 
were obtained using the full wavefields as shown in Figure 9.46a and Figure 9.46b, 











imaging of case1, as compared to the energy map of the pristine plate in Figure 9.46a, it is 
seen that the energy map was modified which similar to simple crack inspection in the 
single-layer plate (Figure 9.46b). This result showed that the crack was successfully 
detected using the imaging method. As for case 2, similar imaging results were obtained, 
indicating that the crack was successfully detected. Next, the scattered wave energy images 
were acquired with the scattered waves extracted by the frequency wavenumber filtering 
method and they were shown in Figure 9.46c and Figure 9.46d, respectively. The crack 
was successfully inspected with the crack highlighted in the imaging.  
 
Figure 9.46: The imaging inspection results of the crack with multi-layered actuation. The 
full waves energy imaging results of (a) case 1 and (b) case 2. The scattered waves energy 
imaging results of (c) case 1and (d) case 2 [158]. 
9.6.2.2 Sensing in two-layered structure 
In this study, the crack inspection with sensing in a multilayer structure was further 
conducted. The multi-layered sensing setup is illustrated in Figure 9.47. A part of the 
cracked plate (x ≥ 30 mm) was bonded with the coupon to make the multi-layered structure 












Figure 9.47: The multi-layered structure inspection setups with the SLDV sensing in the 
multi-layered area [158]. 
Sensing with the two-layered plate of case A (2-mm aluminum-aluminum) and case 
B (2.4-mm aluminum-composite) are conducted. The 2D wavefields results were given in 
Figure 9.48a and Figure 9.48b, respectively. The actual crack was marked with dotted lines 
for comparison. The stronger waves on the left side of the crack were observed. And the 
reduced transmission waves on the right side of the crack were observed in all these three 
cases.  
 
Figure 9.48: The 2D wavefields of wave-crack interactions at 65 µs acquired with SLDV 
sensing on the multi-layered structure. (a) case A: sensing on the 2-mm two-layered 
(aluminum-aluminum) structure; (b) case B: sensing on the 2.4-mm two-layered 
(aluminum-composite) structure [158]. 
To quantify and evaluate the crack, the full-wave energy method and scattered-
wave energy method were implemented. The images of the full-wave energy method were 
given in Figure 9.49a and Figure 9.49b, respectively for case A and case B. Results showed 
that all the cracks were imaged successfully. Next, scattered-wave energy imaging results 
were shown in Figure 9.49c and Figure 9.49d, respectively. The crack was successfully 












Figure 9.49: The imaging inspection results of the crack with multilayer sensing. (a) and 
(b) are the full-wave energy imaging results of case A, case B, respectively. (c) and (d) are 
the scattered waves energy imaging results of these three cases respectively [158]. 
9.6.3 THREE-LAYERED STRUCTURE INSPECTION 
Three-layered structure inspection is conducted with both the aluminum coupon 
and composite coupon bonded on the cracked plate. Same to the two-layered structure 
inspection, inspection with multi-layered actuation and multi-layered sensing is conducted. 
The schematic of the experimental setup is given in Figure 9.50a and Figure 9.50b, 
respectively. 
 
Figure 9.50: The three-layered structure inspection setups with (a) ACT actuation in the 
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The wavefields of three-layered actuation and sensing were captured using SLDV 
measurements. 2D wavefields at 65 μs were shown in Figure 9.51a and Figure 9.51b, 
respectively. It can be found that wave-crack interactions were observed in both cases. The 
reflected waves were generated at the crack and then overlapped with the incident waves 
resulting in stronger waves before the crack. Besides, waves were blocked at the crack 
resulting in significantly reduced transmission.  
 
Figure 9.51: The wavefields collected from the three-layered structures with (a) multi-layer 
actuation, (b) multi-layer sensing [158]. 
 
Figure 9.52: The imaging inspection results of the three-layered structure. (a) and (b) are 
the full waves energy imaging results of multi-layered actuation and sensing, respectively. 















To quantify and evaluate the crack, the full-wave energy method and scattered-
wave energy method were implemented. The images of the full-wave energy method were 
given in Figure 9.52a and Figure 9.52b, respectively. Results showed that cracks in both 
cases were imaged successfully. Next, scattered-wave energy imaging results were shown 
in Figure 9.52c and Figure 9.52d, respectively. The crack was successfully inspected with 
the crack highlighted in the imaging. 
In this section, the crack imaging inspection in multilayer structures was 
demonstrated using the non-contact ACT-SLDV Lamb wave system. Through ACT 
actuation, single A0 mode Lamb waves were actuated, and the wave-crack interactions 
were successfully captured using SLDV multi-dimensional wavefield scanning. To 
systematically develop the inspection method for multilayer structures, the inspection of a 
single layer structure with crack was first conducted. Two energy-based imaging methods, 
full-wave energy imaging method, and scattered-wave energy imaging method, were 
implemented for crack detection. The crack imaging results demonstrated that two imaging 
methods were effective for crack detection. Then the crack inspections were extended to 
multilayer structures towards the multilayer dry storage cask inspection. Multilayer 
actuation inspection and multilayer sensing inspection were conducted. Cracks were 
successfully detected and imaged, demonstrating the capability of the ACT-SLDV system 
for complicated structure inspection. For future work, research work will be extended to 
the inspection of more complicated structures. 
9.7 ACT PASSIVE SENSING OF THE ACOUSTIC EMISSION SIGNAL 
Acoustic emission (AE) is one of the SHM/NDE methods by detecting elastic 




and fretting in a material. The acoustic emission inspection technique relies on the AE 
sensors to collect the AE signals from the structure to monitor the structural health. 
Conventionally, these AE sensors need to be permanently attached to the structure through 
the bonding adhesive layer which may introduce contamination to the structure. This 
section presents the investigation of non-contact passive sensing of acoustic emission (AE) 
signals using an air-coupled transducer (ACT). 
9.7.1 NON-CONTACT PASSIVE SENSING CALIBRATION 
The schematic setup of the ACT passively sensing the AE signal is illustrated in 
Figure 9.53. To generate the AE source in the structure, a well-acknowledged pencil-lead 
break (PLB) method has been used to simulate the AE source. The ACT sensor is used in 
combination with the Airscan system for AE sensing and the receiving angle of the ACT 
is set at 20˚.  
 
Figure 9.53: The schematic setup of the ACT passively sensing the AE signals 
The tuning of the ACT sensor for AE signal sensing is calibrated first on a 1-mm 
aluminum plate to achieve the best sensing due to the frequency of the AE signal is 
unknown. At three representative tuning rates (25%, 35%, and 50%), the sensed AE signals 







in Figure 9.54d, e, and f. First, the sensed signals demonstrate that the ACT successfully 
sensed the AE signals passively at all tuning rates. At 25% and 35% tuning rates, the sensed 
AE signals are not smooth, and their frequency spectra indicate that it is not sensed at its 
resonant frequency at 180 kHz as has calibrated by PZT excitation. However, at a 50% 
tuning rate, the ACT sensed AE signal is very smooth and its frequency spectrum in Figure 
9.54f demonstrates the ACT sensed AE signal at its resonant frequency. Therefore, the 
ACT passively sensing of the AE signal is calibrated with a 50% tuning rate for resonant 
sensing which is consistent with the calibration result by PZT excitation. 
 
Figure 9.54: ACT passive sensed AE signal results of (a) 25% tuning, (b) 35% tuning, and 
(c) 50% tuning; and their frequency spectra in (d), (e), and (f), respectively. 
9.7.2 NON-CONTACT PASSIVE SENSING ON THICK STEEL PLATE 
The AE NDE method usually aims at detecting/characterizing structural damage in 
bridge structures, which is a thick structure. To investigate the capability of the non-contact 
ACT sensing of the AE signal on a thick structure, the study is carried on a 15.5-mm thick 
25% tuning 35% tuning 50% tuning 
(a) (b) 





steel plate. The experimental setup is given in Figure 9.55. The AE source is generated by 
the PLB, and the non-contact ACT is used to monitor the AE signals.  
 
Figure 9.55: The experiment setup of ACT passive sensing of the PLB signal on a 15.5-
mm thick steel plate. 
 
Figure 9.56: ACT passive sensed AE signals on the thick steel plate of (a) L = 25 mm, (b) 
L = 50 mm, and (c) L = 75 mm. 
The sensing distance of the ACT and AE source is L as illustrated in Figure 9.55. 
Considering the AE attenuation in the structure as well as the energy loss at the interface 
for the ACT sensing, the AE sensing at L = 25 mm is first performed. The preliminary 
sensing shows the ACT has successfully sensed the AE signal with the senses waves given 
in Figure 9.56a. The AE signal strength is around 0.4 V. Then longer propagation distances 
of 50 mm and 75 mm are further investigated with the results shown in Figure 9.56b and 
c. The results show both AE signals are successfully sensed with two long-distance. By 
Sensing distance L PLB event 
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observing the three AE signals are different distance L, the AE signal attenuation in the 
structure is observed.  
9.7.3 NON-CONTACT PASSIVE SENSING ON COMPOSITE STRUCTURES 
To investigate the feasibility of the non-contact ACT passive sensing of the AE 
signal in a composite structure. A 2.54-mm thick single-layer CRFP composite structure is 
employed for investigation. The experiment setup is presented in Figure 9.57.  
 
Figure 9.57: The experiment setup of ACT passive sensing of the AE signal on single-layer 
CFRP composite plate. 
Similarly, the ACT sensing at different distance L is conducted. The results of L= 
20 mm, 40 mm, and 60 mm are given in Figure 9.58a, b, and c, respectively. The AE signals 
of all three locations are collected successfully with a signal strength of 2 V.  
 
Figure 9.58: ACT passive sensed AE signals on the CFRP composite plate of (a) L = 20 
mm, (b) L = 40 mm, and (c) L = 60 mm. 
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Next, the investigation is carried out using a 5-mm bonded two-layer CFRP 
composite structure as shown in Figure 9.59. The sensed AE signals at L= 20 mm, 40 mm, 
and 60 mm are given in Figure 9.60a, b, and c, respectively, demonstrating that the AE 
signals all are successfully captured by the ACT sensor. And the AE signals of all three 
locations are collected successfully with a signal strength of 2 V. The investigation results 
demonstrated the feasibility of the ACT non-contact sensing of the AE signals. In this 
dissertation study, we will focus on using ACT for Lamb waves actuation. More 
investigation study as well as the application of the ACT passive monitor of the AE signals 
would be a good direction to explore.  
 
Figure 9.59: The experiment setup of ACT passive sensing of the AE signal on the bonded 
composite plate. 
 
Figure 9.60: ACT passive sensed AE signals on the bonded two-layer CFRP composite 
plate of (a) L = 20 mm, (b) L = 40 mm, and (c) L = 60 mm. 
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CHAPTER 10  
DELAMINATION DETECTION IN COMPOSITE STRUCTURES 
10.1 MOTIVATION AND INTRODUCTION 
Composite materials have been extensively used in aerospace, marine, and 
automotive structures due to their superior strength and stiffness, resistance to corrosion, 
design flexibility, and lightweight [163]-[166]. In the field of aerospace, the Boeing 787 
Dreamliner has an airframe compressing of nearly 50% carbon fiber reinforced plastics and 
other composites [167]. What’s more, advanced composite materials will likely play an 
important role in NASA’s development of next-generation vehicles for long-duration space 
missions in order to enable lightweight space structures. NASA is currently investigating 
large scale composites for human spaceflights, such as a composite crew module and a 
composite fuel tank for rockets [168] [169]. However, unexpected damage can occur in 
aerospace composites due to their impact events or material stress during off-nominal 
loading events. Various damage types exist (e.g., delamination, debonding, and impact 
damage) in composites and their detection and quantification are much more difficult than 
that in metallic materials [170]-[175]. Rapid inspection techniques for detecting and 
quantifying damage in large composites are critical for ensuring operability and safety of 
composite structures [176]-[179]. Moreover, in the development and manufacturing of 
next-generation composite materials, rapid inspection techniques are imperative for 
evaluating and certifying the materials. Among various NDE/SHM methods, ultrasonic 
Lamb waves have shown effective for damage inspection in large composite panels with 
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its advantages of long propagation distance and its high sensitivity to various types of 
damage. 
This chapter presents the application of the non-contact ACT-SLDV single-mode 
Lamb wave NDE system to the composite structures. First, due to the anisotropic behavior 
of the Lamb waves in the composite structure, the single-mode Lamb wave actuation and 
sensing in the composite structure is conducted. Next, the preliminary damage detection 
investigation in a composite structure is explored. To quantitatively inspect and evaluate 
the composite structure, a composite structure with delamination damage is designed and 
manufactured. The cross-correlation imaging method for delamination inspection is first 
studied using the finite element simulated Lamb waves. Then, the non-contact ACT-SLDV 
Lamb wave system is employed for the delamination damage inspection. Other than that, 
the inspection of barely visible impact damage is presented. 
10.2 ACT SINGLE MODE LAMB WAVES IN COMPOSITES 
10.2.1 ACT SINGLE-MODE LAMB WAVE ACTUATION IN COMPOSITE 
It was introduced previously that for ACT Lamb wave actuation, the theoretical 
incident angle for ACT Lamb wave can be transferred from the phase velocity by Snell’s 
law. Hence at 120 kHz, the phase velocity dispersion curves (Figure 10.1a) were then 
transferred to incident angle dispersion curves as shown in (Figure 10.1b). 
Observing Figure 10.1b, the incident angle is direction-dependent and the incident 
angle of S0 mode is less direction-dependent than A0 mode. Besides, at all fiber directions, 
the incident angle of A0 is larger or equal to 15˚, while the incident angle of S0 is smaller 
than 5˚. To optimize the ACT Lamb wave actuation, the ACT incident angles were 
experimentally tuned. 120 kHz ACT was selected for actuation, actuation signal was a 3-
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count tone-burst, the distance of the ACT and the specimen was set at 25 mm. The SLDV 
was adopted for sensing and the reflective tape was put on the specimen surface for 
reflection enhancement.  
 
Figure 10.1: ACT Lamb wave incident angle dispersion curves. 
The incident angle of 0˚ fiber direction was first investigated. Based on the 
theoretical incident angle 15˚, incident angles from 10˚ ~ 20˚ were tuned for actuation. 
Signals of 10˚, 15˚, 20˚ incident angles were shown in Figure 10.2.  
 
Figure 10.2: ACT Lamb waves signals at 0˚ fiber direction with different incident angle . 
(a)  = 10˚, (b)  = 15˚, and (c)  = 20˚. 
It is seen that at all these incident angels, Lamb wave signals were observed, and 
they all have two dominant wave packages. At different incident angles, the intensity of 
the first arrival changes much more significant than the second arrival. Hence, the peak-to-
peak value of the first arrival was adopted to evaluate the Lamb wave signal intensity. By 
this method, the signal intensity of different incident angles was calculated and plotted in 















Figure 10.3. It is seen that as the incident angels increase from 10˚ ~ 15˚, the signal intensity 
increases as well. But when the incident angle continues increasing from 15˚~20˚, the 
signal intensity decreases. The signal intensity’s peak value is at a 15˚ incident angle. The 
optimal incident angle then can be tuned as 15˚. 
 
Figure 10.3: The optimal incident angle tuning result of 0˚ fiber direction. 
Same with the 0˚ fiber direction, the optimal incident angle of 90˚ fiber direction 
was tuned from 10˚ ~ 20˚. Selected signals of 10˚, 15˚, 20˚ incident angles were shown in 
Figure 10.4. Similar to 0˚ fiber direction, the actuated signals at different incident angles 
are different with different waveforms and different signal strength. 
 
Figure 10.4: ACT Lamb waves signals at 90˚ fiber direction with different incident angle 
 of (a)  = 10˚, (b)  = 15˚, and (c)  = 20˚. 
The signal strength variation along with the incident angles was then evaluated with 
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that with the incident angle increases from 10˚ to 15˚, the signal strength increases as well. 
After 15˚, as the incident angles continue to increase to 20˚, the signal strength is no longer 
increases with the incident angle, contradictory, it decreases with the incident angle 
increases. Hence, the optimal incident angle for 90˚ fiber direction was tuned 
experimentally and it is 15˚. Furtherly, the optimal incident angles at 30˚, 45˚, 90˚ fiber 
directions were experimentally tuned. The overall comparison of optimal incident angles 
and theoretical incident angles was plotted in Figure 10.6. 
 
Figure 10.5: The optimal incident angle tuning result of 0˚ fiber direction 
 











10.2.2 PRELIMINARY DAMAGE INSPECTION IN COMPOSITE 
In this subsection, the ACT Lamb wave damage detection on composite was studied. 
First, the proof-of-concept for ACT Lamb wave damage inspection on composite was 
conducted on a composite plate with simulated damage. Then ACT Lamb wave inspection 
application was investigated on a bonded quality composite. 
For the proof-of-concept of inspection on the composite plate, the damage was 
simulated with a surface bonding quartz as a wave scatter as given in Figure 10.7a. It is a 
quartz rod with an 8-mm diameter and 10-mm height. It was bonded on the composite 
surface 40 mm away from the coordinate origin along axis x (0˚ fiber direction). The ACT-
SLDV system setup in Figure 7.3a was selected to perform this study. For actuation, 120 
kHz ACT was selected; the actuation signal was a 5-count tune burst by a built-in function 
generator. The incident angle was set as 15˚ according to the previous optimal incident 
angle tuning result. For SLDV sensing, the reflective tape was put on the surface to increase 
the surface reflection, and the signals were averaged at 100 to increase the SNR. 
 
Figure 10.7: The 8-mm diameter quartz rod for damage simulating and the damage 
detection setup in the composite. (a) the 8-mm diameter quartz rod, (b) the damage 
detection setup. 
For the damage detection analysis, both the incident wave detection and transmitted 
wave detection were analyzed. For incident wave detection, the signal at 30 mm with and 








together for comparison as given in Figure 10.8a. Observing the waveforms, no significant 
difference can be observed both in the phase and the amplitude. To further analyze the 
detection, the waveforms were transferred to the frequency spectrum by Fourier 
Transformed method and as given in Figure 10.8c. Observing the spectrums, no significant 
difference both in frequency components and amplitude is seen as well. 
 
Figure 10.8: The detection results of 8-mm quartz surface bonding damage. (a) & (b) the 
waveform comparisons of the pristine condition and the damaged condition at 30 mm and 
their frequency spectrum comparisons in (c) & (d), respectively. 
For transmitted wave detection, the signals at 50 mm with and without damage were 
collected and plotted together in Figure 10.8b for comparison. Observing the waveforms, 
significant amplitude difference is seen, the signal amplitude decreases obviously when the 
damage is present in the plate. But still, no significant phase change was seen. Then their 
spectrums were further obtained by the Fourier Transform method as given in Figure 10.8d. 
The signal intensity of the damaged plate is much weaker than the signal in the pristine 
plate, and this is consistent with the waveform detection. Besides, the frequency 





To acquire more information for damage detection, the 1D Lamb wave wavefields 
(Figure 10.9) with and without damage were obtained, and they contain both the time and 
space information. Comparing the pristine wavefield (Figure 10.9a) and the damaged 
wavefield (Figure 10.9b), strong Lamb wave interaction with the damage was observed at 
the damage location 40 mm. It is seen that the transmitted Lamb wave reflected when it 
reached the damage, and after the damage, the transmitted wave was reduced obviously by 
interacting with the damage. The wavefield result shows that the damage is detected 
successfully by the ACT Lamb wave. 
 
Figure 10.9: The 1D time-space wavefield detection results. (a) the 1D time-space 
wavefield of the pristine plate, (b) the 1D time-space wavefield detection of damage plate 
with damage at 40 mm. 
To analyze the damage detection characterizations, the Lamb wave f-k spectrums 
were then obtained by transferring from the 1D wavefield with the f-k analysis method and 
they are plotted with the theoretical f-k spectrums as given in Figure 10.10. Figure 10.10a 
is the f-k spectrum of the pristine condition, it shows that when the composite is pristine, 
there is only A0 Lamb wave propagated forward in the plate. Figure 10.10b is the f-k 
spectrum of the damaged condition, it shows that besides the propagating forward A0 mode, 
there is a weak reflected A0 Lamb wave propagating backward to the excitation source. 
What’s more, as compared to the propagating A0 mode of the pristine and damaged 
Damage location 







condition, it is seen that the propagating forward A0 mode intensity reduced. These results 
are consistent with the wavefield and waveform detection results. 
 
Figure 10.10: The f-k spectrum results by 2D-FT of the 1D time-space wavefield. Results 
of (a) pristine 1D wavefield, (b) the damaged 1D wavefield. 
 
Figure 10.11: The short-space f-k analysis results at the center frequency 116 kHz. Results 
of (a) pristine condition, (b) damage condition. 
It is seen from the f-k analysis results that the space information of the damage 
detection is lost. Hence, to analyze the damage detection along with the space domain, the 
short-space f-k analysis was then performed to analyze the damage detection. And the 
obtained k-x spectrums at selected 120 kHz were given in Figure 10.11. Figure 10.11a is 
the k-x spectrum of the pristine condition, it is seen that there is only incident A0 mode 
propagating along with the distance and attenuated as the incident wave propagating 
forward. Figure 10.11b is the k-x spectrum of damaged condition, it is seen that the incident 






















reflected A0 mode initiated and propagating backward to the wave source. And after 
interacting with the damage, the transmitted wave reduced obviously. 
10.3 COMPOSITE DESIGN AND MANUFACTURE WITH DELAMINATION 
Delamination is the most common and dangerous failure mode for composite 
structures, because it occurs and grows in the absence of any visible surface damage, 
making it difficult to detect by visual inspection. Due to the general anisotropic behavior 
and the complex damage scenarios, the successful implementation of delamination 
detection in composite structures is always challenging [182][183]. In this dissertation, a 
3-mm thick in-house quasi-isotropic carbon fiber-reinforced polymer (CFRP) composite 
plate with a stacking sequence of [-45/90/45/0]3s was investigated. The IM7 12K/CYCOM 
5320-1 prepreg was used to manufacture the composite specimen. Two different 
delamination scenarios, one and two delaminations, were generated by inserting Teflon 
films during the ply layup process [183].  
Figure 10.12 shows the schematic of the 3-mm thick quasi-isotropic CFRP 
composite plate with purpose-built delaminations. One delamination was created by 
inserting a circular Teflon between plies 20 and 21. Two delaminations were generated by 
inserting two Teflon films of different sizes at various depths. First, a large circular Teflon 
film (25 mm in diameter) was inserted between plies 20 and 21, which is the same size and 
depth as one delamination. Then, an additional small circular Teflon film (20 mm in 
diameter) was inserted between plies 16 and 17. Ultrasonic nondestructive testing (NDT) 
was conducted to verify and image the simulated delaminations in the quasi-isotropic 
CFRP composite plate. An ultrasonic immersion tank was used to inspect the specimen. In 
the experiment, a 10 MHz, 25.4-mm focused transducer was utilized. The simulated 
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multilayer delaminations were successfully detected and quantified from the ultrasonic 
NDT detection, which is consistent with the design [183]. 
 
Figure 10.12: Schematic of 3 mm thick quasi-isotropic [-45/90/45/0]3s carbon fiber-
reinforced polymer (CFRP) composite plate with (a) one 25-mm delamination and (b) two 
20-mm and 25-mm delaminations. 
10.4 DELAMINATION CROSS-CORRELATION IMAGING BY FEM MODELING 
The delamination inspection by the cross-correlation imaging technique is first 
conducted using the simulated Lamb waves for the proof-of-concept study. Three-
dimensional (3D) multi-physics finite element (FE) models were utilized to simulate Lamb 
wave propagation and interaction with different delamination scenarios, one delamination, 
and two delaminations in the 3 mm thick [-45/90/45/0]3s CFRP composite plate. Except for 
the 25-mm single delamination between plies 20 and 21, a smaller and deeper single 
delamination of 20-mm and between plies 16 and 17 is also modeled by FEM simulation 
to explore smaller and deeper delamination inspection. 
The delaminations were modeled by detaching the nodes. For the case of one 
delamination (20-mm and 25-mm), the delamination is created by specifying the 




together. For the case of two delaminations, 25-mm delamination between plies 20 and 21, 
and 20-mm delamination between plies 16 and 17 are generated. 
 
Figure 10.13 Multi-physics finite element model of the quasi-isotropic composite plate 
with 3 different delamination cases [183]. 
A circular PWAS is employed to generate an omnidirectional Lamb wave 
propagation. The excitation signal is a three-count Hanning window modulated tone burst 
with the center frequency of 120 kHz. Non-reflective boundaries (NRB) can eliminate 
boundary reflections, and thus allow for the simulation of guided wave propagation in an 
infinite medium with small-size models [150]. This NRB was implemented around the 3D 
FE models to calculate the transient response under the PWAS excitation. The PWAS 
transducer was modeled with coupled field elements (SOLID5) in the commercial finite 
element package ANSYS 19. Structural solid elements (SOLID185) were used to mesh the 
composite plate. COMBIN14 spring-damper elements were utilized to construct the NRB. 
10.4.1 SIMULATED LAMB WAVES 
The schematic of the Lamb wave modeling in the composite is presented in Figure 10.14. 
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delamination center is located at x = 70 mm. The excitation is conducted at the top surface 
and the data acquisition is conducted on the bottom surface of the composite plate. 
 
Figure 10.14: The schematic setups of inspection, actuation, and sensing. 
 
Figure 10.15: 1D time-space wavefields of (a) pristine plate, (b) 20-mm delamination, (c) 
25-mm delamination, and (d) double delamination. 
First, the Lamb wave time-space wavefield of out-of-plane velocities along the x-
axis is collected in both pristine and delamination composites. Figure 10.15a, b, c, and (d) 
show the time-space wavefields of the out-of-plane velocity on bottom surfaces for the 
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cases of pristine, one 20-mm delamination, one 25-mm delamination, and two 
delaminations, respectively. As it can be seen, the Lamb waves in the pristine plate 
propagate forward without any interruptions by the damage. While wave-damage 
interactions can be observed in all delamination cases. Comparing the wavefield of 20-mm 
single delamination to the 25-mm single delamination, stronger wave-interactions are 
noted in the larger size 25-mm delamination. Comparing the 25-mm delamination to the 
double delamination, it can be noted no significant difference is observed.  
The frequency-wavenumber spectra of Lamb waves are obtained by transferring 
from the time-space wavefield using the 2DFT method. Figure 10.16a, b, c, and d show the 
frequency wavenumber spectra for the cases of pristine, one 20-mm delamination, one 25-
mm delamination, and two delaminations plotted with the theoretical frequency-
wavenumber dispersion curves in red-dotted lines, respectively. Figure 10.16a shows that 
in the pristine plate, there are only A0 mode Lamb waves propagating in the plate. For the 
20-mm delamination, the theoretical A0 wavenumbers of the sub-laminate are also 
calculated and plotted in blue-dotted lines shown in Figure 10.16b, together with the red-
dotted lines. As it can be noted that, new wavenumbers of the sub-laminate A0 waves are 
observed, indicating that new A0 Lamb waves of the sub-laminate are generated. Besides, 
stronger negative wavenumbers are observed which indicates that reflections are generated 
while the waves are interacting with the delamination damage in the composite plate. 
Similar delamination generated new wavenumber signatures are observed in the 25-mm 
single delamination case. For the double delamination case, it is seen that new A0 
wavenumbers in both the 0.5-mm sub-laminate and the 1-mm sub-laminate are observed, 




Figure 10.16: Frequency wavenumber spectra of (a) pristine plate, (b) 20-mm 
delamination, (c) 25-mm delamination, and (d) double delamination. 
 
Figure 10.17: The 2D wavefields of (a) pristine plate, (b) 20-mm single delamination, (c) 
25-mm single delamination, and (d) double delaminations. 
Figure 10.17a, b, c, and d show the 2D time-space wavefields of the out-of-plane 
velocity on the bottom surfaces for the cases of pristine, 20-mm single delamination, 25-
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mm single-delamination, and double delaminations, respectively. It is noted that in the 
pristine composite, there are only incident waves, while for the delamination composites, 
there are also delamination introduced scattered waves. The 25-mm single delamination 
and double delaminations both have the stronger scattered waves and the 20-mm single-
delamination has the weaker scattered waves.  
Their wavenumber spectra are then obtained by the 3DFT analysis. At 120 kHz, 
the wavenumber spectra are presented in Figure 10.18a, b, c, and d for cases of pristine, 
20-mm single delamination, 25-mm single-delamination, and double delaminations, 
respectively. Figure 10.18a shows that in the pristine plate, only A0 mode wavenumbers 
are observed, which is consistent with the wavefield observation. For the delamination 
cases, as it can be noted that except for the A0 mode wavenumbers, there are new higher 
wavenumbers presented in the spectra, which are introduced by the presence of the 
delaminations.  
 
Figure 10.18: The wavenumber spectra at 120 kHz of (a) pristine plate, (b) 20-mm single 




























10.4.2 DELAMINATION IMAGING INSPECTION USING THE CROSS-CORRELATION METHOD 
The scattered waves cross-correlation imaging method is used for the proof-of-
concept study of the delamination imaging inspection. Incident wave band-pass filter and 
scattered wave high-pass filter are designed for incident wavenumber and scattered 
wavenumber filtering as shown in Figure 10.19a and b, respectively.  
 
Figure 10.19: (a) Incident wavenumber bandpass filter and (b) scattered wavenumber 
highpass filter. 
First, by applying the incident wavenumber filter and scattered wavenumber filter 
to the wavenumbers of the 20-mm delamination, the filtered incident wavenumber 
spectrum is given in Figure 10.20a and the filtered scattered wavenumber is shown in 
Figure 10.20b. As it can be noted that both the incident wavenumbers and the scattered 
wavenumbers are successfully filtered. With the inverse 3DFT method, the filtered incident 
wave wavefield and the scattered wavefield are then further obtained as presented in Figure 
10.20c and d, respectively. Figure 10.20c shows only incident wave patterns in the 
wavefield and Figure 10.20d shows scattered wave patterns only at the delamination 
location in the wavefield, demonstrating that both the incident waves and the scattered 








method is applied for the delamination inspection. The imaging result is presented in Figure 
10.21, plotted with the actual delamination in a red-dotted line. Through comparison, it is 
validated that the delamination imaging matches very well with the actual delamination 
damage.  
 
Figure 10.20: Filtered wavenumbers of (a) incident wave and (b) scattered wave for 20-
mm delamination. And the filtered wavefield results of (c) incident waves, and (d) scattered 
waves. 
 
Figure 10.21: Cross-correlation imaging of the 20-mm delamination. 
Next, by applying the incident wavenumber filter and scattered wavenumber filter 















spectrum is given in Figure 10.22a and the filtered scattered wavenumber is shown in 
Figure 10.22b. As it can be noted that both the incident wavenumbers and the scattered 
wavenumbers are successfully filtered. With the inverse 3DFT method, the filtered incident 
wave wavefield and the scattered wavefield are then further obtained as presented in Figure 
10.22c and d, respectively. Figure 10.22c shows the incident wave patterns only in the 
wavefield and Figure 10.22d shows scattered wave patterns only at the delamination 
location in the wavefield, demonstrating that both the incident waves and the scattered 
waves are successfully filtered from the wavefield.  
 
Figure 10.22: Filtered wavenumbers of (a) incident wave and (b) scattered wave for 25-
mm delamination. And the filtered wavefield results of (c) incident waves, and (d) scattered 
waves. 
Next, the cross-correlation imaging method is applied for the delamination 
inspection. The imaging result is presented in Figure 10.23, plotted with the actual 
delamination in the red-dotted line. Through comparison, it is validated that the 25-mm 















the 20-mm delamination imaging and the 25-mm delamination imaging results have 
successfully demonstrated the feasibility of the cross-correlation imaging method for the 
anisotropic structure inspection. 
 
Figure 10.23: Cross-correlation imaging of 25-mm delamination. 
Finally, the cross-correlation imaging algorithm is applied to double delamination 
damage inspection. The filtered incident wavenumber and scattered wavenumbers are first 
filtered successfully as presented in Figure 10.24a and b, respectively. The filtered 
wavefields are then transferred from the wavenumbers by inverse 3DFT method as given 
in Figure 10.24c and d, respectively for incident waves and scattered waves. The filtered 
wavefields show that both the incident waves and scattered waves all are filtered out 
successfully.  
By cross-correlate the incident waves with the scattered waves, the double 
delamination imaging is obtained and given in Figure 10.25. To evaluate the delamination 
imaging, the two delaminations (20-mm and 25-mm) are plotted in Figure 10.25 with red-
dotted lines. Through comparison, as it can be noted that the 25-mm delamination is 
precisely imaged in the result. Besides, the stronger intensity is observed at the imaging 
center, which is consistent with the double delamination overlapped area, demonstrating 
that this cross-correlation method has the potential to evaluate the delamination severity in 




Figure 10.24: Filtered wavenumbers of (a) incident wave and (b) scattered wave for double 
delamination. And the filtered wavefield results of (c) incident waves, and (d) scattered 
waves 
 
Figure 10.25: The cross-correlation imaging inspection of the composite specimen with 
double delaminations. 
10.5 ACT-SLDV LAMB WAVE APPLICATION FOR DELAMINATION IMAGING 
The non-contact ACT-SLDV Lamb wave system is implemented for the 
delamination damage inspection in the composite structure. The composite plates with 25-





















10.5.1 ACT SINGLE-MODE LAMB WAVES IN COMPOSITE 
To actuate the single-mode Lamb wave in the composite specimen, the ACT (120 
kHz) incident angle tuning is conducted to operate the noncontact actuation in the optimal 
mode. The theoretical phase velocity dispersion curve at 120 kHz is calculated using the 
SAFE method as given in Figure 10.26a. By Snell’s law, the theoretical incident angle 
dispersion curves at 120 kHz are obtained as shown in Figure 10.26b. For the S0 mode, the 
incident angles are less direction-dependent than the A0 mode, and it is always smaller 
than 5˚. For A0 mode, the incident angle is always larger than 10˚, and at typical 0˚ and 
90˚ directions, the theoretical incident angles are about 15˚. 
 
Figure 10.26: Theoretical dispersion curves of (a) phase velocities and (b) incident angles 
at 120 kHz. 
The optimal incident angle at 0˚ direction is tuned with the incident angle tuned 
from 10˚ to 20˚. Three representative Lamb wave signals of incident angles at 10˚, 15˚, and 
20˚ are presented in Figure 10.27a, b, and c, respectively. It is observed that Lamb wave 
signal quality is different with different ACT incident angles. The signal strength is then 
evaluated with the peak-to-peak value as illustrated in Figure 10.27b. The experimental 
peak-to-peak value of signals with different incident angles from 10° to 20° are plotted in 
Figure 10.27d. It shows that the Lamb wave achieved its maximum peak-to-peak value at 
a 15° incident angle. The 15° incident angle is optimal for ACT single A0 mode Lamb 









Figure 10.27:In 0° fiber direction, ACT Lamb wave actuation and sensing results. (a), (b), 
and (c) Signals of selected 10°, 15°, and 20° for optimal incident angle tuning, respectively. 
(d) The signal strength at different incident angles. 
 
Figure 10.28: 1D wavefield and f-k spectrum at 0˚ direction, (a) the time-space wavefield 
of ACT Lamb wave, and (b) the experimental frequency-wavenumber spectrum of ACT 
Lamb waves plotted with the theoretical ones. By comparing, it verifies that a single A0 
mode is achieved. 
The wavefield of ACT actuated Lamb waves in 0˚ direction with the optimized 15˚ 
incident angle is collected as shown in Figure 10.28a. It is seen that the Lamb waves are 
successfully actuated in the composite. Its frequency-wavenumber spectrum is obtained by 
the 2DFT method for further analysis as given in Figure 10.28b plotted with the theoretical 
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wavenumber spectrum. Through comparison, single-mode A0 Lamb waves actuation in 
the composite specimen is verified. 
 
Figure 10.29: In 90° fiber direction, ACT Lamb wave actuation and sensing results. (a), 
(b), and (c) Signals of selected 10°, 15°, and 20° for optimal incident angle tuning, 
respectively. (d) The experimental peak-to-peak value of signals with different incident 
angles from 10° to 20°.  
Next, the optimal incident angle at 90˚ direction is tuned with the incident angle 
tuned from 10˚ to 20˚. Similarly, three representative-Lamb wave signals of incident angles 
at 10˚, 15˚, and 20˚ are presented in Figure 10.29a, b, and c, respectively. It is observed 
that Lamb wave signal quality is different with different ACT incident angles. The signal 
strength is then evaluated with the peak-to-peak value as illustrated in Figure 10.29b. The 
experimental peak-to-peak value of signals with different incident angles from 10° to 20° 
are plotted in Figure 10.29d. It shows that the Lamb wave achieved its maximum peak-to-
peak value at the 15° incident angle. The 15° incident angle is optimal for ACT single A0 
mode Lamb wave actuation in 90˚ direction.  
(a) (b) 
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To characterize the ACT actuated Lamb waves in 90˚ direction, the ACT actuated 
Lamb waves with the optimized 15˚ incident angle are collected as shown in Figure 10.30a. 
It is seen that the Lamb waves are successfully actuated in the composite. Its frequency-
wavenumber spectrum is obtained by the 2DFT method for further analysis as given in 
Figure 10.30b plotted with the theoretical wavenumber spectrum. Through comparison, 
single-mode A0 Lamb waves actuation in the composite specimen is verified. 
 
Figure 10.30: 1D wavefield and f-k spectrum at 90˚ direction, (a) the time-space wavefield 
of ACT Lamb wave, and (b) the experimental frequency-wavenumber spectrum of ACT 
Lamb waves plotted with the theoretical values.  
10.5.2 DELAMINATION IMAGING DETECTION AND EVALUATION 
The 1D time-space wavefield of ACT actuated Lamb waves in the composites of 
single delamination case and double delamination case are collected by the SLDV scanning 
as given in Figure 10.31a and b, respectively. Wave-delamination interactions are noted in 
both cases. Their frequency-wavenumber spectra are obtained by the 2DFT method as 
presented in Figure 10.31c and d plotted with theoretical dispersion curves of the composite 
specimen as well as the new wavenumber dispersion curves of the sub-laminates. For 25-
mm delamination, it is noted that the new wavenumbers of 0.5-mm sub-laminate are 






is seen that new wavenumbers of both the 0.5-mm and 1-mm sub-laminates are observed. 
This observation is consistent with the simulated Lamb waves in Section 10.4.1.  
 
Figure 10.31: 1D time-space wavefields of (a) single 25-mm delamination, (b) double 
delaminations, and their frequency-wavenumber spectra in (c) and (d), respectively. 
The 2D time-space wavefields of single delamination case and double delamination 
case are collected and given in Figure 10.32a and b, respectively. The scattered waves 
introduced by the delamination are observed clearly.  
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The cross-correlation imaging method is implemented for the application of 
delamination inspection. With the filtering method outlined in delamination imaging using 
the simulated Lamb waves, the incident waves and scattered waves are filtered. The filtered 
incident waves and scattered waves of 25-mm delamination case are given in Figure 10.32a 
and b, respectively.  
 
Figure 10.33: The incident waves and scattered waves filtering results of 25-mm 
delamination in (a) and (b), and of double delamination in (c) and (d), respectively.  
Then by cross-correlate these two wavefields, the 25-mm single delamination 
imaging is obtained and presented in Figure 10.34a. The delamination is successfully 
imaged. The filtered incident waves and scattered waves of double delaminations case are 
given in Figure 10.32c and d, respectively. The double delamination cross-correlation 
imaging is given in Figure 10.34b, with the delamination damage precisely imaged. 
Through comparing the 25-mm single delamination with the double delamination imaging, 
it is noted that stronger intensity of the double delamination is observed, which is consistent 













correlation imaging technique is capable to detect the severity of the damage in the 
composite structure. 
 
Figure 10.34: The cross-correlation imaging result of (a) the 25-mm single delamination 
and (b) double delamination. 
10.6 BARELY VISIBLE IMPACT DAMAGE IMAGING DETECTION AND 
EVALUATION 
A 3-mm quasi-isotropic CFRP composite coupon was used to conduct the impact 
testing. A drop-weight tower with low friction guided rails was used to induce collision 
between a mass of known weight and a fixed composite coupon. More details of the impact 
testing are reported in [184]. After the impact testing, an ultrasonic NDE inspection was 
conducted using a 10 MHz, 1-inch focused transducer. The C-scan results show that the 
size of the impact damage obtained is around 25 mm. Severe impact damage is observed 
in the 45˚ direction [184].  
The non-contact ACT-SLDV Lamb wave system is used to inspect the impact 
damage in the CFRP composite specimen. The same experiment setup in Figure 10.14 is 
used with the impact damage center aligned at x = 40 mm. 2D inspection wavefield is 
acquired by the SLDV scanning as shown in Figure 10.35a. As it can be noted that except 
for the incident waves, strong scattered waves are observed in the wavefield. The 




the wavenumbers of 120 kHz are given in Figure 10.35b, plotted together with the 
theoretical wavenumbers of A0 and S0. Through comparison, it is verified that only the A0 
mode is actuated in the composite. Besides, both incident wavenumbers of A0 mode and 
new higher wavenumbers related to the scattered waves are obtained.  
 
Figure 10.35: (a) 2D wavefield inspection of the impact damage and (b) its wavenumber 
spectrum at 120 kHz. 
 
Figure 10.36: Filtered wavenumbers of (a) incident waves, and (b) scattered waves, and 
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The cross-correlation imaging method is used to evaluate the impact damage 
inspection. First, the band-pass filter and high-pass filter presented in Figure 10.19 is used 
to filter the incident waves and scattered waves. The filtered incident wavenumbers and 
scattered wavenumbers are given in Figure 10.36a and b, respectively. Then the incident 
wavefield and scattered wavefield are obtained by the inverse 3DFT method as given in 
Figure 10.36c and d, respectively. Figure 10.36c shows that incident waves are filtered 
successfully and Figure 10.36d shows that the scattered waves filtered successfully. By 
cross-correlate the incident waves with the scattered waves, the impact damage is imaged 
as shown in Figure 10.37. The red dotted line indicates the actual impact damage. Through 
comparison, it is seen that the damage is successfully imaged. What’s more, stronger 
intensity of the cross-correlation values are observed, and this is consistent with our NDE 
C-scan result. The result has demonstrated that cross-correlation imaging has successfully 
and precisely imaged the impact damage. 
 





CHAPTER 11  
COMPOSITE MANUFACTURING QUALITY INSPECTION 
Composites have been extensively used in aerospace engineering, renewable 
energies, and automotive industries due to the advantages of their lightweight, high 
strength, and engineering design flexibility. However, manufacturing defects, such as weak 
bonds and wrinkles may occur during manufacturing and will affect the performance of the 
structure and even lead to structural failure if not found timely. This chapter presents the 
inspection of certain selected manufacturing defects, including the adhesive bond quality 
evaluation and wrinkles in laminated composite structure using the noncontact ACT-SLDV 
Lamb wave method. 
11.1 COMPOSITE BOND QUALITY INSPECTION 
Adhesively bonded composites have been widely used in aerospace engineering, 
renewable energies, and automotive industries [186] [187]. However, the weak bonding of 
the composite structures, which appears to be solidly bonded but the bonding strength 
between the two adherents exhibiting a low cohesion interface between the adhesive and 
the substrate of the composite, greatly threatens the reliability of these structures [188]. 
These weakened bonds can deteriorate due to in-service loading or environmental 
conditions and will lead to catastrophic structural failure if it is not detected timely. The 
occurrence of weak bonding is still not well understood, and it has posed new challenges 
for the evaluation of the weak bonding in composite structures.  
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Ultrasonic Lamb waves have been proved useful for nondestructive evaluation 
(NDE) due to their ability to propagate a long distance with less energy loss as well as their 
sensitivity to small defects on the surface or inside the structure. It has been widely used in 
the NDE application of aerospace, civil, mechanical fields. There are contact and non-
contact transducers for Lamb wave actuation and sensing. The commonly used contact type 
transducers are piezoelectric transducers, such as piezoelectric wafer active sensors 
(PWAS). They have been widely used for Lamb wave actuation due to their advantages of 
the lightweight, lower price, and the fact that they can provide robust Lamb wave actuation. 
However, for contact transducers, they all require coupling materials to be applied to the 
structures, such as ultrasonic couplant, water, or adhesive bonding. The coupling materials 
might introduce contamination to the structure being inspected. Moreover, the transducer 
installation and maintenance may require extra labor and time. Therefore, non-contact 
ultrasonic testing methods have attracted many researchers’ interests to solve the 
limitations of contact methods. In this section, the research is focused on the NDE of 
composite bond quality using the established fully non-contact Lamb wave system using 
ACT for actuation and scanning laser Doppler vibrometer (SLDV) for sensing. The ACT 
provides extremely narrowband wave actuation, while SLDV provides high-quality 
wavefield signals for damage detection and evaluation. The multidimensional wavefield 
data are processed with the multidimensional Fourier transform method to analyze the 






11.1.1 BOND COMPOSITE SPECIMEN PREPARATION 
The occurrence of the weak bonding in bond composites is still not well understood, 
and it has posed new challenges for the evaluation of the weak bonding when it happens. 
To prepare the weak bond specimen, numerous ways have been found in the literature for 
generating weak bonds in both metallic and composite substrate systems [189]. Among 
them, surface preparation process variables, including contamination, mixing ratios, 
adhesive application, bond line thickness variations, and processing or cure deviations from 
an optimum are the main methods to fabricate intentional weak bonds. Marty et al. [190] 
used a dry layer of silicone in place of primer on aluminum to prepare the weak bond 
specimen and the results show that the silicone-based contaminations weaken the bond 
strength effectively. Wood et al. [191] fabricated and studied the artificial weak bond 
fabrication using various contaminations detailly, such as 680 heavyweight oil, Frekote 
release agent, banking powder, sand, and wax.  
The surface contamination before bonding is adopted to prepare the weak bond 
specimen. Two 2.54-mm thick quasi-isotropic carbon fiber reinforced polymer (CFRP) 
composite plates with [0/45/90/-45]s layup were adhesively bonded together as the bond 
specimen. The adhesively bonded composite structure was manufactured using simulated 
contamination with several good/weak bond quality areas. For the surface contamination, 
silicone and Frekote were applied to the top surface of the bottom plate to create 
contaminated bonding conditions as shown in Figure 11.1b, while the center area of the 
plate was left intact as the pristine condition for comparison. After the surface pretreatment, 
it was bonded to another CFRP plate with adhesive film as illustrated in Figure 11.1b b. 
The bond specimen was then cured in a hot press machine. The final bond composite 
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specimen is shown in Figure 11.1c, where three distinctive areas (silicone, pristine, Frekote) 
represent different bond qualities.  
 
Figure 11.1: Bond quality specimen manufacture illustration (courtesy of Stephen 
Howden). (a) the layout of the 2-layer bonded specimen, (b) the surface preprocessing for 
contamination, and (c) the final bond composite with three distinctive areas [192]. 
11.1.2 THE OPTIMAL LAMB WAVE SIGNAL TUNING 
Lamb waves are multi-modal, and there are multiple Lamb wave modes 
propagating in a structure. For the ACT Lamb wave actuation, the single-mode Lamb wave 
can be selected by controlling the incident angle  theoretically based on Snell’s law and 
the phase velocity of the Lamb wave mode to be excited. The theoretical phase velocity 
dispersion curves of the bonded specimen are not available, and the optimal ACT Lamb 
wave incident angle for single-mode Lamb waves is experimentally tuned at the pristine 
area of the specimen.  
The schematic of the experimental setup for this bond quality inspection is 
illustrated in Figure 11.2. The ACT with 120 kHz frequency and 25 mm focal length is 
selected for Lamb wave actuation. Various incident angles θ from 10° to 20° are used for 
ACT actuation and the SLDV is utilized to measure Lamb wave signals actuated with 
different incident angles. The SLDV collected signals were averaged at 2300, besides, the 
reflective tape was put on the specimen surface to increase the SNR. 
  
(a) (b) (c) 






Figure 11.2: 1D wavefield line scanning setup on bond quality study CFRP sample by 
ACT-SLDV system. Black dot – ACT excitation point in the plate; Blut dotted line – SLDV 
line scanning points. 
Examples of the SLDV signals at 10˚, 15˚, and 20˚ at 20 mm propagation distance 
(x = 20 mm) are given in Figure 11.3a. It can be observed that at the selected incident 
angles, only one dominant wave package is present. It is also noticed that the signal strength 
(indicated by peak-to-peak value as illustrated in Figure 11.3a) changes as the incident 
angle changes.  
 
Figure 11.3 The optimal ACT Lamb waves signal tuning results in the 0˚ direction with 
different incident angles. (a) The obtained signals at incident angles of  = 10˚,  = 15˚ and 
 = 20˚; (b) the signal strengths of Lamb waves with different incident angles. 
To evaluate the signal strengths at different incident angles, all peak-to-peak values 
were measured and then plotted w.r.t. the incident angle θ in Figure 11.3b. It can be found 
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strength reaches its maximum value at 15˚. Above 15˚, as the incident angle increases to 
20˚, the signal strength decreases. Hence, the optimal Lamb wave signal with maximum 
strength is achieved around 15˚ (i.e., optimal incident angle) for actuating Lamb waves in 
this bonded composite specimen. This experimentally optimized incident angle will be 
used in the subsequent bond quality inspection.  
11.1.3 THE BOND QUALITY INSPECTION 
With the ACT-SLDV NDE system configurated and parameters optimized, the 
inspection of the bond quality of these three distinct areas (pristine, silicone, and frekote) 
is conducted. The one-dimensional (1D) Lamb wave time-space wavefields are first 
obtained through SLDV line scans as illustrated in Figure 11.2a in these three areas. The 
acquired 1D inspection wavefields are given in Figure 11.4a, Figure 11.4b, and Figure 
11.4c for pristine, silicone contaminated, and Frekote contaminated areas, respectively. It 
can be found that Lamb waves attenuated fast in these three areas. However, there are no 
significant differences between these three time-space wavefields. To further evaluate the 
bond quality in the frequency wavenumber domain, two-dimensional (2D) Fourier 
transform (2DFT) is further applied to convert the 1D time-space wavefield to frequency 
wavenumber representations. The 2DFT is expressed as 
   ( )22D( , ) ( , ) ( , )
j ft kx
U f k v t x v t x e dtdx
  − −
− −
= =    (1) 
where U (f, k) is the frequency-wavenumber (f-k) spectrum of the time-space 
wavefield v (t, x). The obtained frequency-wavenumber spectra are given in Figure 11.4d, 
e, and f, respectively. Observing the f-k spectra of these three distinctive areas, there is only 
one wave mode, which shows that the single-mode Lamb wave is obtained. Its frequency 




Figure 11.4. The line scan inspection results of the weak bond composite by the ACT-
SLDV system. 1D wavefields of (a) the pristine area; (b) the silicone contaminated area; 
(c) the Frekote contaminated area. The frequency-wavenumber spectra of (d) the pristine 
area; (e) the silicone contaminated area; (f) the Frekote contaminated area. 
 
Figure 11.5. Zoom-in (90~140 kHz) comparisons of the f-k analysis results on the bonded 
CFRP specimen by the ACT-SLDV system. (a) pristine area; (b) silicone contaminated 
area; (c) Frekote contaminated area. 
The detailed comparisons of the frequency-wavenumber spectra in the frequency 
range from 90 to 140 kHz and wavenumber range from 0 to 1 rad/mm are given in Figure 
11.5a, Figure 11.5b, and Figure 11.5c for further analysis. Through comparison of the 
center frequencies as marked with red dotted lines in the figures, the strongest intensity is 
observed at the pristine area, and the intensities of silicone and Frekote contaminated areas 
are weaker than the pristine area. Other than that, in the range from 0 to 0.6 rad/mm marked 
with black dotted lines, it can be found that in the pristine area (Figure 11.5a), the 
(b) (c) (a) 
Pristine area Silicone area Frekote area 
(e) (f) (d) 
(a) (b) (c) 
Pristine area Silicone area Frekote area 
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wavenumbers distribute continuously from 0.6 rad/mm to 0. However, in the silicone 
contaminated area (Figure 11.5b) and Frekote contaminated area (Figure 11.5c), the 
wavenumbers distribute discontinuously with cutoff wavenumbers in this range. The bond 
quality inspection results demonstrate that the pristine bond condition and contaminated 
bond condition can be identified differently as compared to the pristine condition [192]. 
11.1.4 VALIDATION THROUGH NONCONTACT PULSED LASER METHOD 
To provide validation for the inspection results achieved by the ACT-SLDV 
methods, the samples are inspected with another non-contact Lamb wave inspection 
method using the pulsed laser (PL)-SLDV system [192]. Figure 11.6 shows the 
experimental setup for the PL-SLDV system used for the bond inspection. A Q-switch 
pulse laser (Quantel CFR 400 with the wavelength of 1064 nm, and a beam diameter of 5.5 
mm) is used for Lamb waves excitation in the plate. This Q-switch pulse laser can generate 
a laser pulse in 7 ns (pulse duration) with a 332 mJ maximum energy. Through an 
attenuator, the pulse energy can be adjusted from 0% to 100%. In this section, the pulse 
energy is set to 166 mJ (50%). Lamb waves are measured by the SLDV system with the 
laser beam placed normal to the test specimen to sense the out-of-plane velocity of the 
Lamb wave. 
 






Through point-by-point scanning on a predefined scanning setup (spatial sampling 
interval Δx = 1mm and temporal sampling frequency 10.24 MHz, sample start from 20 mm 
away from the excitation point to 80 mm) as given in Figure 11.7, 1D wavefield u (t, x) of 
the Lamb wave can be acquired, which both contain the time domain information t and the 
space domain information x. 
 
Figure 11.7: 1D wavefield line scanning setup on bond quality study CFRP sample by PL-
SLDV system. Red dot – PL excitation point in the plate; Green dotted line – SLDV line 
scanning points. 
The SLDV captured 1D time-space wavefields of these three distinct areas (pristine, 
silicone, and Frekote) are given in Figure 11.8a, Figure 11.8b, and Figure 11.8c, 
respectively. Similar to the ACT Lamb waves in the specimen, Lamb waves are captured 
successfully with decaying observed as the propagation distance decreased. Other than that, 
no significant differences are observed in these three distinctive areas. The time-space 
wavefields are then converted to the frequency wavenumber domain using the 2DFT 
method for further analysis. The obtained frequency wavenumber spectra are shown in 
Figure 11.9a, Figure 11.9b, and Figure 11.9c, respectively. The zoom-in of the red dotted 

















the pristine area intensity (Figure 11.9a a) is weaker than those two contaminated areas 
(Figure 11.9b and Figure 11.9c).  
 
 
Figure 11.8: 1D wavefield results on bonded quality study CFRP sample by PL-SLDV 
system. Results of (a) the pristine area, (b) the silicone contaminated area, and (c) the 
frekote contaminated area. 
 
Figure 11.9: The f-k analysis results on bonded quality study CFRP sample by the PL-
SLDV system. Results of (a) the pristine area, (b) the silicone contaminated area, and (c) 
the frekote contaminated area. 
 
Figure 11.10: Zoom-in (0~100 kHz) comparisons of the f-k analysis results on bonded 
quality study CFRP sample by the PL-SLDV system. Results of (a) the silicone 
contaminated area, (b) the pristine area, and (c) the frekote contaminated area. 
Other than that, the details of wavenumbers in the black dotted line marked areas 
are zoom-in for further comparison and are given in Figure 11.11a, Figure 11.11b, and 
(a) (b) (c) 
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Figure 11.11c, respectively. The same phenomenon is observed that the pristine area has 
the weakest peak intensity in these three areas. Then the silicone contaminated area has a 
stronger peak intensity, while the Frekote contaminated area has the strongest peak 
intensity. This observation is consistent with the ACT Lamb wave inspection result as 
shown in Figure 11.5, which demonstrates that the peak intensity of the frequency 
wavenumber spectra will be modified either stronger or weaker when the contamination 
presents. Moreover, through comparing the back dotted marked areas in Figure 11.11, it is 
seen that the wavenumbers are always larger than 0.1 rad/mm and they distribute 
continuously at the pristine area (Figure 11.11a). However, for the contaminated areas in 
Figure 11.11b and Figure 11.11c, additional wavenumbers smaller than 0.1 rad/mm present 
and they distribute discontinuously. This discontinuous wavenumber distribution is 
consistent with the ACT Lamb wave inspection results in Figure 11.5. The weak bond 
inspection by ACT Lamb waves is verified by the PL method. 
 
Figure 11.11: Zoom-in comparisons (170~250 kHz) comparisons of the f-k analysis results 
on bonded quality study CFRP sample by PL-SLDV system. Results of (a) the silicone 
contaminated area, (b) the pristine area, and (c) the frekote contaminated area. 
11.2 COMPOSITE WRINKLE INSPECTION 
Today, laminated composites have been widely adopted in aerospace industries 
[183]. Typically, a laminated composite consists of several layers of plies laminated 
together. During the manufacture of a thick composite by compression molding, a common 
(a) (b) (c) 
Pristine area Silicone area Frekote area 
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problem is that plies may wrinkle, resulting in wrinkle defect in the composite. This 
wrinkle defect in a laminated composite is a major problem because of its potential to 
compromise the mechanical properties of an intended design. In particular, a laminated 
composite with ply wrinkling is more susceptible to tensile and bending forces, making it 
impractical for the composite to perform its intended function, resulting in a lesser quality 
product. Therefore, the nondestructive evaluation of the wrinkle defects is critical to ensure 
the integrity of the composite structures and their safe operation as well. 
 
Figure 11.12: The composite specimen with wrinkle defects (Courtesy of NASA Langley 
Research Center and Boeing). 
We have performed wrinkle inspection using the noncontact ACT-SLDV method 
on certain wrinkle specimen. The wrinkle specimen is shown in Figure 11.12. The 
measured dimension of the sample plate is 306 × 205 × 3.74 (unit: mm). Significant 
wrinkles are observed from both surfaces as shown in Figure 11.12 (pointed by arrows). 
The areas with more visible wrinkles are marked as wrinkle regions while those with less 
visible or likely no wrinkles as reference region. Please note no other information about 
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illustrated in Figure 11.12 and the detailed side views of the wrinkle damage and its 
location are presented in Figure 11.12c. It is noted that the wrinkle damage is visible in the 
range of x = 60 mm to x = 125 mm. In the reference region, a weak wrinkle defect is seen 
in the range of x = 190 mm to x = 220 mm, but the wrinkle is much less than the wrinkle 
region.  
11.2.1 THE OPTIMAL INCIDENT ANGLES TUNING FOR ACT LAMB WAVES 
To use the ACT for optimal Lamb wave signal excitation in the specimen, the 
incident angle  tuning is first conducted in the reference region where the wrinkle is much 
less visible or likely none. The incident angle of the x-axis direction is conducted using the 
same experimental setup in Figure 11.2 with the ACT excitation and SLDV sensing 
location on the winkle sample as illustrated in Figure 11.13a.  
 
Figure 11.13: The excitation and sensing location on the wrinkle sample for optimal 
incident angle tuning of (a) x-axis direction, (b) y-axis direction (Courtesy of NASA 
Langley Research Center and Boeing). 
The Lamb wave signals are collected at 30 mm away from the excitation source at 
various incident angles at 10˚, 11˚, 13˚, 15˚, 17˚, 19˚, and 20˚. Some representative signals 
are given in Figure 11.14 for illustration. It is noted that there is only one dominant wave 
30 mm 









package in the Lamb wave signal. The signal strength changes as the  changes. The 
optimal angle is determined at which generates the maximum signal strength, where the 
signal strength is evaluated by the peak-to-peak value of the wave package (Figure 11.14b).  
 
Figure 11.14: The optimal incident angle tuning along the x-axis direction. Results of (a) 
10˚, (b) 11˚, (c) 15˚, (d) 17˚, (e) 19˚, and (f) 20˚. 
The signal quality at different incident angles is plotted in Figure 11.15. It is seen 
that as  increases from 10˚ to 15˚, the signal strength increases and reaches its peak at 15˚. 
After  increases from 15˚ to 20˚, the signal strength starts decreasing. Thus, it determined 
that the optimal Lamb wave incident angle along the x-axis direction is set at 15˚.  
 = 10˚ 
 = 11˚ 
 = 15˚  = 20˚ 
 = 19˚ 










Figure 11.15: The optimal incident angle tuning result of y-axis direction. 
 
Figure 11.16: The optimal incident angle tuning along the y-axis direction. Results of (a) 
10˚, (b) 11˚, (c) 15˚, (d) 17˚, (e) 19˚, and (f) 20˚. 
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Similarly, the incident angle tuning for the y-axis direction orientated inspection is 
performed. Figure 11.16 presents the signals collected with the incident angles of 10˚, 11˚, 
15˚, 17˚, 19˚, and 20˚, and the plot of signal quality at different incident angles is presented 
in Figure 11.17. It is seen that as  increases from 10˚ to 15˚, the signal strength increases. 
The signal strength reaches its peak at 15˚, then as the  increases from 15˚ to 20˚, the 
signal strength decreases. Therefore, the optimal Lamb wave incident angle along the y-
axis direction is also determined at 15˚.  
 
Figure 11.17: The optimal incident angle tuning result of y-axis direction. 
11.2.2 WRINKLE INSPECTION ALONG THE X-AXIS DIRECTION 
With the incident angles being configured, the ACT-SLDV system is set up and 
first performed a quick 1D inspection by linescan along the x-axis direction. Both linescans 
in the wrinkle region and reference region are conducted for comparison purposes. Three 
linescans (W1, W2, and W3) in the wrinkle region and three linescans (R1, R2, and R3) in 
the reference region are performed. The setup of all the linescans is illustrated in Figure 
11.18a.  




Figure 11.18: Experimental setup for x-axis direction (a) line inspection, and (b) area 
inspection (Courtesy of NASA Langley Research Center and Boeing). 
  
Figure 11.19:1D time-space wavefields of: (a) R1 and (b) W1, and (c) & (d) are their 
frequency-wavenumber spectrua, respectively. 
The1D wavefields of linescan R1 and W1 are presented in Figure 11.19a and b, 












contained wrinkles are observed in the W1 wavefield. The time-space wavefields are then 
transferred to the frequency-wavenumber domain by the 2DFT method outline in earlier 
chapters. The calculated frequency-wavenumber spectra of the R1 and W1 are presented 
in Figure 11.19c and d, respectively. Barely negative wavenumbers related to the reflected 
waves are observed in the R1 spectrum, while negative wavenumbers in the W1 spectrum 
are noted which confirms that reflections are generated in the wrinkle region, indicating 
that the wrinkle signature is successfully captured through the linescan. 
  
Figure 11.20:1D time-space wavefields of: (a) R2 and (b) W2, and (c) & (d) are their 
frequency-wavenumber spectrua, respectively. 
The 1D wavefields of R2 and W2 are shown in Figure 11.20a and b, respectively. 
Similarly, few reflections are noted in the R2 wavefield, but significant reflections are seen 










are obtained by the 2DFT method as given in Figure 11.20c and d, respectively. The results 
show that barely negative wavenumbers that are related to the reflections are observed in 
the R2 spectrum while significant negative wavenumbers represent the reflections are seen 
in the W2 spectrum. The comparison of the R2 and W2 linescan result demonstrates that 
reflection signatures of the wrinkle are successfully captured and identified, resulting in 
the wrinkle is successfully detected. 
  
Figure 11.21:1D time-space wavefields of: (a) R3 and (b) W3, and (c) & (d) are their 
frequency-wavenumber spectrua, respectively. 
The collected 1D wavefields of R3 and W3 are given in Figure 11.21a and b, 
respectively. Weak reflections are noted in the R3 wavefield, which shows that subtle 
wrinkle is existing in the reference region. In the W3 wavefield, much stronger wrinkle 










spectra are given in Figure 11.21c and d. Very weak reflections with negative numbers are 
noted in the R3 spectrum and the negative wavenumbers are also seen in the wrinkle region 
R3, which is consistent with the wavefield inspection. The inspection shows that wrinkle 
is detected in the wrinkle region, other than that, subtle reflections are also observed in the 
reference region, indicating that much fewer wrinkle defects are also existing in the 
reference region. 
In the frequency wavenumber spectra, the negative wavenumbers which represent 
the reflected Lamb wave propagating back to the source are seen. However, the 
wavenumber distribution information along the propagating space is missing. Therefore, 
the short-space Fourier transform (STFT) algorithm is then used to get the wavenumber 
distribution along the propagation path. The wavenumber distribution along the 
propagation path from 20 to 100 mm at 120 kHz is presented in Figure 11.22a, b, and c for 
W1, W2, and W3 respectively. In the wavenumber-space spectrum, the positive 
wavenumber represents the incident waves that propagate forward, and negative 
wavenumbers represent the reflected waves that propagate back to the source.  
In Figure 11.22, the strongest positive wavenumbers all are noted firstly at 20 mm 
which is the nearest distance to the source, then as the wave propagating forward, the 
wavenumber intensity decreased gradually due to the wave decaying in the structure. At 
about 60 mm location, the negative wavenumbers are introduced in the spectra, indicating 
that the reflections are generated at the wrinkle. The negative wavenumbers distribute from 
60 mm to 20 mm, indicating that reflections propagating from 60 mm to 20 mm. The 
wavenumber space spectra of W1, W2, and W3 demonstrate the wavenumber signatures 
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distribution in the wrinkle region, and the wrinkle is successfully detected through the 
linescan inspection. 
 
Figure 11.22: Wavenumber-space spectrum (a) W1, (b) W2, and (c) W3. 
2D area inspection by ACT was also further conducted to obtain more information 
and to observe the wave propagation more clearly. The area scan in both the reference 









snapshot of the wavefield at 25 µs, 60 µs, and 70 µs are given in Figure 11.23a, b, and c 
for the wrinkle region, and Figure 11.23d, e, and f for the reference region. 
 
Figure 11.23: Wavefields of wrinkle region of (a) 25 µs, (b) 60 µs,and (c) 70 us; wavefields 
of reference region of (d) 25 µs, (e) 60 µs,and (f) 70 us with ACT actuaiton at x = 160 mm. 
The incident wave signatures propagating in the plate can be observed for both the 
reference region and wrinkle region. No other significant wave interaction can be seen. But 
comparing the wave strength, it is seen that for the wrinkle region, the signal strength is 
weaker as compared to the reference regio and this may due to the wrinkle diffused the 
wave propagating in the plate in the wrinkle region. 
Next, the energy map is generated to analyze the energy distribution map for 















Figure 11.24a, the wrinkle in the range of 90 to 120 mm is successfully imagined and 
observed, demonstrating the wrinkle is inspected.  
 
Figure 11.24: Energy map imaging of wrinkle region generated with (a) ACT actuation at 
x = 160 mm, (b) ACT actuation at x = 110 mm (Courtesy of NASA Langley Research 
Center and Boeing). 
 
Figure 11.25: Energy map imaging of the reference region (Courtesy of NASA Langley 












To imaging the wrinkle on the left side of the 90 mm location, the ACT transducer 
is then moved to the left to 110 mm location and the imaging result is given in Figure 
11.24b. The wrinkle imaging in the 60 mm to 90 mm is noted. Therefore, from Figure 
11.24a and b, the entire wrinkle region from 60-125 mm is successfully imagined. In the 
reference region imaging (Figure 11.25), some wrinkle pattern around 180 to 200 mm is 
noted, which is consistent with the R3 linescan inspection result and confirms that subtle 
wrinkle damage is also existing in the reference region.  
11.2.3 WRINKLE INSPECTION ALONG THE Y-AXIS DIRECTION 
In this section, the wrinkle inspection along the y-axis direction is performed. Three 
linescans R1, R2, and R3 in the reference regions and three linescans W1, W2, and W3 in 
the wrinkle region as illustrated in Figure 11.26a are conducted to collect the wavefields 
from the wrinkle and the reference areas for comparative analysis.  
 
Figure 11.26: Experimental setup for specimen A1 with 90°/270° w.r.t actuation on side 1: 
(a) line inspection, and (b) area inspection (Courtesy of NASA Langley Research Center 
and Boeing). 
First, the collected wavefields of R1, R2, and R3 from the reference region are 




these wavefields. The frequency wavenumber spectrums are then obtained and plotted in 
Figure 11.27d, e, and f, respectively.  
  
Figure 11.27:1D time-space wavefields of R1, R2, and R3 in (a), (b), and (c) respectively 
and their frequency-wavenumber spectra in (d), (e), and (f), respectively. 
It is noted that no negative wavenumbers were observed in the wavenumber spectra 












the linescan wavefields collected from the wrinkle region are presented in Figure 11.28a, 
b, and c for W1, W2, and W3. No reflections are noted in all the three wavefields. Moreover, 
no negative wavenumbers which represent the reflections are seen from the frequency 
wavenumber spectra in Figure 11.28d, e, and f. The result shows that it is challenging to 
conduct linescan inspection of the wrinkle along the y-axis direction. 
 
Figure 11.28: 1D time-space wavefields of W1, W2, and W3 in (a), (b), and (c) 












2D area inspection along the y-axis direction was then conducted. The 2D scan in 
the reference region and the wrinkle region is illustrated in Figure 11.26b. The obtained 
wavefields at 25 μs and 50 µs for the wrinkle region were given in Figure 41a, and the 
wavefields of the reference region at 25 μs and 50 µs are shown in Figure 41b. By 
comparing the wavefields at 25 μs of the reference region and wrinkle region, no significant 
difference was observed. However, for the wavefields at 50 μs, it is seen that the stronger 
wave strength is observed on the left side in the wrinkle region, while more evenly 
distributed wave strength is observed in the reference region.  
 
Figure 11.29: Wavefields at 50 µs: (a) wrinkle region, and (b) reference region. 
 
Figure 11.30: Energy map imaging: (a) wrinkle region, and (b) reference region (Courtesy 
of NASA Langley Research Center and Boeing). 
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Then the energy map method was applied, and the obtained energy maps were 
plotted in  Figure 11.30a and b for wrinkle region and reference region. The energy image 
of the reference region shows the energy attenuated along the propagating path. For the 
energy map of the wrinkle region, it shows except for the attenuation phenomenon, there 
is an energy concentrated band in the energy map, but we cannot relate it to the wrinkle in 
the plate. No wrinkle related signature can be observed in the area inspection result.  
Overall, with the ACT-SLDV Lamb wave methods, wrinkle defects can be 
observed through modifications in the wavefield, wave energy distribution map, as well as 
the frequency-wavenumber spectra. It proves to be an effective means for such defect 





CHAPTER 12  
CONCLUDING REMARKS AND FUTURE WORK 
12.1 RESEARCH SUMMARY 
This dissertation research develops a fully noncontact ACT-SLDV Lamb wave 
NDE methodology for damage detection and quantification through the adoption of air-
coupled piezoelectric transducers. The integrated NDE methodology provides a single-
mode Lamb wave actuation and high spatial resolution wavefield acquisition, intrinsic 
wavefield analysis and characterization methods for the interpretation of wave propagation and 
interaction phenomenon, and hierarchical damage diagnosis for quantitative and visualized 
damage detection. 
Part I focuses on the fundamental study of the Lamb wave propagation and its behavior 
when interacting with discontinuity in plate-like structures. First, the very fundamental Lamb 
wave theoretical dispersion curves is obtained by solving the Rayleigh-Lamb wave equations. 
To understand the plate structure and material influence on the dispersion curves, the A0 
wavenumbers of various plate thicknesses and materials are studied. Besides, the Lamb wave 
modeshapes of both symmetric and antisymmetric modes that resemble their displacement 
across the plate thickness direction are performed to further understand the wave vibration 
behavior in the plate structure. Second, the analytical modeling of the Lamb wave propagation 
is conducted to study the wave propagation. The 1D analytical modeling of the straight-crested 
Lamb wave propagation with in-plane actuation is first conducted. Then more complicated 2D 
circular-crested Lamb wave propagation is analytically modeled. Detailed derivations of the 
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structural transfer function for 2D modeling with in-plane excitation is presented. The Lamb 
wave modeling in the case of Lamb wave excitation by the well-known PWAS is conducted. 
Experimental work is conducted to validate the analytical modeling result. After that, the Lamb 
wave modeling with out-of-plane type excitation is investigated. Similarly, the general 
structural transfer function with out-of-plane excitation is derived. The Lamb wave modeling 
in the case of pulsed laser for out-of-plane excitation is conducted and then validated by the 
PL-SLDV Lamb wave system. Third, to study the Lamb wave behavior when interacting with 
structural discontinuity, the Lamb wave modeling using the finite element method is carried 
out.  
In Part II, the fully noncontact Lamb wave system using ACT for single-mode 
Lamb wave actuation and SLDV for rapid multi-dimensional wavefield measurement is 
integrated and quantitative imaging algorithms for damage detection is explored. First, a 
very comprehensive calibration study of the resonant spheric focusing ACT is performed 
to have a good understanding of the ACT actuation mechanism. The ACT single-mode 
Lamb wave actuation is then performed by controlling the incident angle based on Snell’s 
law. Second, for noncontact ACT Lamb wave inspection, except for the noncontact ACT 
actuation, another ACT will also be used for noncontact sensing traditionally, and there 
will be a second energy loss at the sensing side. Therefore, in this study, the traditional 
noncontact ACT sensing is replaced with the SLDV sensing system, which will greatly 
improve the Lamb wave signal quality. A thorough characterization of the single-mode 
ACT Lamb wave as well as its directionality study is conducted. Third, to provide a 
quantitative evaluation of the damage, imaging inspection algorithms are then explored. 
We started from the traditional energy-based imaging method as well as the wavenumber 
filtering imaging method. To further improve the imaging quality and provide an imaging 
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technique that can not only imaging the damage but also provides its size and orientation, 
the improved cross-correlation principle-based imaging technique that using scattered 
waves of all directions is investigated.  
In Part III, the NDE applications using the established methodology is explored. 
We started from the application investigation for nuclear dry storage cask. It is a multi-
layered structure with major stainless-steel plates. To systematically develop the 
application towards the real-world application, we started from the machined crack and 
simulated crack growth. Then inspections of the fatigue-induced hairline crack and crack 
growth monitoring are implemented. After that, the inspection of more complicated multi-
layered structures is carried out. With the damage detection in metallic structures 
successfully implemented, our investigations then move into the more complicated 
anisotropic composite structures where the Lamb wave propagations are more complicated. 
We started from a simple CFRP composite with simulated damage for proof-of-concept. 
Then delamination detection and barely visible impact damage detection are implemented. 
12.2 RESEARCH CONCLUSIONS 
Concluding remarks of this dissertation research for each chapter are given as 
follows.  
12.2.1 ANALYTICAL AND NUMERICAL STUDIES OF LAMB WAVES 
To provide a preliminary understanding of Lamb waves in plate-like structures, the 
fundamental Lamb wave studies are performed in Part I analytically and numerically. 
Chapter 3 presents the study of Lamb wave dispersion curves by solving the Rayleigh-
Lamb wave equations. The study of the plate thickness influence on the wavenumber 
dispersion curves shows that the wavenumbers are very sensitive to plate thickness, as the 
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plate thickness decreases, the wavenumber values increases, vise versa. The study of the 
material influence on the wavenumbers shows that the Lamb waves are sensitive to 
different materials. The conclusion can be drawn that the Lamb waves have the potential 
to evaluate the plate structure and plate materials. Other than that, the Lamb wave 
modeshapes, which resemble the Lamb wave displacement across the thickness direction 
are also studied and results show that A0 mode has antisymmetric in-plane displacement 
while S0 mode has symmetric displacement regarding the centerline of the plate in the 
thickness direction. Besides, A0 mode has dominant out-of-plane displacement while S0 
mode has dominant in-plane displacement. 
To understand the Lamb wave propagation in pristine structure, analytical 
modeling is conducted in Chapter 4. The 1D analytical modeling of the straight-crested 
Lamb waves with simplified point stress is first conducted and the wave propagation is 
evaluated with the out-of-plane velocity. The modeling result shows that the A0 mode lamb 
wave has a much stronger response as compared to the S0 mode Lamb wave. This is 
because the out-of-plane velocity is evaluated and A0 mode has dominant out-of-plane 
vibration which is consistent with the theoretical modeshapes study. After that, more 
complicated 2D analytical modeling of the circular-crested Lamb wave propagation is 
conducted. The general structural transfer function for the 2D modeling of in-plane 
actuation and out-of-plane velocity response is derived. The Lamb wave propagation in the 
case of well-known PWAS actuation is analytically calculated. Experimental work using 
the PWAS for in-plane actuation and SLDV system for out-of-plane velocity measurement 
is carried out, and results demonstrated that the analytical modeling of PWAS actuated 
Lamb waves have been successfully validated. Next, the Lamb wave modeling with out-
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of-plane actuation is performed with the general structural transfer function derived. The 
analytical modeling in the case of the pulsed laser excitation is implemented. With the 
Lamb waves achieved by the pulsed laser and SLDV system, the analytical modeling of 
the pulsed laser excitation has been experimentally validated. To further understand the 
Lamb wave behavior when interacting with structural discontinuity, Lamb wave modeling 
is then conducted in Chapter 5 using the finite element method through commercial 
software ANSYS. The modeling shows that when interacting with structural discontinuity, 
the Lamb waves are scattered at a discontinuity in all directions.  
With the fundamental studies of the Lamb wave propagation in plate-like structures, 
a comprehensive understanding of the Lamb waves from the basic dispersion curves and 
modeshapes to Lamb wave propagation in pristine structure and its interaction with 
discontinuity in damaged structure is acquired, thus providing a solid foundation for the 
development of the Lamb wave NDE methodology in the following chapters.  
12.2.2 THE NONCONTACT ACT CALIBRATION AND SINGLE-MODE LAMB WAVE ACTUATION 
Chapter 6 presents the ACT actuation and calibration study. Detailed introduction 
of the resonant type and spheric focusing ACT and accompanied Airscan system is first 
introduced. To use the ACT for its optimal actuation, very comprehensive calibrations of 
the resonant frequency, focal length as well as focused beam profile are conducted in a 1-
mm aluminum 2024-T3 plate with ACT normal to the specimen for pressure wave 
actuation and the well-know PWAS for pressure wave sensing. Results show that the ACT 
resonant frequency has a good match with its nominal resonant frequency; the ACT focal 
length is calibrated as 25 mm which is shorter than its nominal focal length as 30 mm, and 
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the ACT focused beam profile is calibrated with its strongest intensity at the ACT axis 
centerline indicating that the ultrasonic beam is focused.  
After that, the preliminary ACT Lamb wave actuation is conducted based on Snell’s 
law. It is found that by controlling the incident angle, a single-mode Lamb wave can be 
actuated, which can significantly reduce the complexity of the multiple Lamb wave modes 
while performing damage detection. With the well-known PWAS for sensing, the ACT 
single A0 mode Lamb wave actuation is conducted with its group velocity matching well 
with the theoretical values, demonstrating the single-mode Lamb wave has been 
successfully actuated by ACT. Other than that, for the completency of knowledge, the 
noncontact ACT for single-mode Lamb wave sensing is conducted with the receiving angle 
setup based on Snell’s law. The result shows that with ACT for sensing, a single-mode 
Lamb wave can be sensed.  
12.2.3 THE INTEGRATION OF THE FULLY NONCONTACT LAMB WAVE SYSTEM 
Chapter 7 focuses on the integration of the fully noncontact Lamb wave system. 
Traditionally, for the noncontact ACT Lamb wave NDE method, except for the noncontact 
ACT actuation, another ACT will also be used for noncontact sensing, and there will be a 
second energy loss at the sensing side. In this dissertation study, one of our major 
contributions is we replaced the traditional noncontact ACT sensing with the SLDV 
sensing system, which will greatly improve the Lamb wave signal quality as well as 
perform rapid multi-dimensional wavefield measurement.  
The integration of the ACT-SLDV system is first conducted. To optimize the ACT 
single-mode Lamb wave actuation, the optimal incident angle is tuned experimentally. For 
the 120 kHz ACT, the optimal incident angle for A0 mode is optimized as 20˚, which is 
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consistent with the theoretical incident angle. Next, detailed characterization of the ACT 
single-mode Lamb waves are conducted through the SLDV time-space wavefield 
measurement and frequency wavenumber analysis. The characterization demonstrated that 
ACT single-mode Lamb waves are experimentally verified.  
During the ACT Lamb wave characterization study, it is found that ACT Lamb 
wave propagation is directional. It is critical to characterize the ACT Lamb wave 
propagation and have a good understanding of in which direction the ACT Lamb waves 
are coming and make sure it covers the inspection area of interest. Therefore, the ACT 
Lamb wave directionality study is conducted by collecting the Lamb wave signals wrap 
around the ACT source in all directions. The results show that the strongest Lamb wave 
signals are along the ACT axis direction then the waves have diverged. Therefore, it is 
important to put the inspection target aligned along the ACT axis.  
Next, the proof-of-concept for damage detection is conducted using simulated 
damage. Significant wave-damage interactions at the damage location are observed. Strong 
reflections are observed propagating back to the source and significantly reduced 
transmission is observed after interacting with the damage. This result shows that the fully 
noncontact ACT-SLDV single-mode Lamb wave NDE system is capable of damage 
detection. 
12.2.4 QUANTITATIVE IMAGING ALGORITHM STUDY FOR DAMAGE EVALUATION 
Data analysis and damage evaluation techniques are of primary importance in 
applying any Lamb wave-based NDE method. Research in Chapter 8 is devoted to the 
exploration of the quantitative damage imaging algorithms. We started with the traditional 
energy-based imaging method and wavenumber filtering method for damage evaluation. 
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The feasibilities of using these two imaging techniques have been demonstrated. To further 
study an imaging technique that can not only imaging the damage but also provide a 
quantitative evaluation in its size and orientation, and improved cross-correlation principle-
based imaging algorithm using scattered waves of all directions is then explored. Detailed 
procedures for implementing the cross-correlation imaging method is presented in Chapter 
8. Two cases of damage evaluations with various orientations (45˚, 60˚, and 90˚) and 
various sizes (standard notch, shallower notch, and shorter notch) are investigated. The 
damage evaluation with various orientations shows that the improved cross-correlation 
imaging provides a precise damage orientation evaluation. Besides, the damage evaluation 
with various sizes shows that the improved cross-correlation imaging is capable of tiny 
damage inspection with a small length of 3 mm and provides a quantitative evaluation of 
damage with a slight difference of as small as 0.1 mm in depth. These two cases of damage 
detection demonstrate that the improved cross-correlation imaging technique is robust for 
damage evaluation.  
12.2.5 NDE APPLICATION ON DRY STORAGE CASK STRUCTURES 
With the noncontact Lamb wave system integrated and quantitative imaging 
algorithm explored, the research efforts in Chapter 9 focus on the NDE applications on the 
nuclear dry storage cask structures. It is a multi-layer cylindrical structure used for the 
storage of spent fuel and it is a metallic structure with majorly stainless-steel materials. 
During the service of the dry cask storage, when the crack is generated in the structure, it 
will keep growing as time goes on which threatens the safety of the dry cask storage 
seriously. Hence, perform the crack inspection before it breaks is very important. In this 
study, we first conducted the preliminary 10-mm machined crack inspection by the 
 
276 
established non-contact system to explore the inspection capability. The machined crack is 
successfully detected, and it is evaluated as 11 mm in length with a 10 % error using the 
energy imaging method. When a crack grows in a structure, it will happen along with size 
growth and location moving, to investigate the crack growth monitoring, the simulated 
damage detections with size growth from diameters of 4 mm to 8 mm, 10 mm, and 12 mm 
and dynamic locations of 40 mm, 50 mm, and 60 mm are conducted. The inspections 
demonstrated that the damage of all these sizes is detected with a good match with the 
actual damage sizes; and the damage at the representative locations of 40 mm, 50 mm, and 
60 mm are precisely imaged.  
Next, the research is moved on the actual fatigue crack detection. Fatigue testing is 
conducted to generate the crack in the specimen using the MTS machine. An actual 30-mm 
fatigue induced hairline crack is first detected. Through the implementation of the cross-
correlation imaging method, the entire hairline crack is imaged successfully and it is 
evaluated as 31 mm with a 3% error. The crack growth monitoring is performed with a 5-
mm crack growth from 5 mm to 10 mm. With the cross-correlation imaging method, the 
5-mm crack is evaluated as 5.2 mm with a 4% error, and the 10-mm crack is evaluated as 
10.1 mm with a 10% error. Finally, the crack growth is evaluated at 4.9 mm with a 2% 
error compared to the actual 5-mm crack growth, demonstrating the crack growth is 
monitored successfully with a good match with the actual crack growth.  
To address the complex multi-layer structures in spent fuel casks, the NDE 
inspection of multi-layered structures are then conducted with a 1-mm aluminum plate of 
a 10-mm machined crack as the base plate and one 1-mm aluminum coupon and one 
unidirectional CFRP composite coupon to be bonded to the base plate for multi-layered 
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structures. Both multi-layered actuation and multi-layered sensing of two-layer and three-
layer cases are investigated, results indicate that the ACT-SLDV system is capable of 
multi-layered structure inspection even in the most challenging three-layered case.  
12.2.6 NONCONTACT ACOUSTIC EMISSION SENSING BY ACT 
For the NDE of nuclear dry storage cask, acoustic emission testing has also been 
reported in the literature with contact sensors sensing the AE signals passively. In this study, 
the noncontact acoustic emission testing by ACT is also investigated which is one of our 
major contributions that will greatly improve the AE testing efficiency. The ACT AE 
testing calibration of 120 kHz ACT sensor is calibrated with results show the optimal 
tuning for sensing is 50% and the optimal receiving angle for AE sensing is 20˚. The 
preliminary AE testing on a 1-mm aluminum 2024-T3 plate is successfully conducted with 
the optimized parameters. As a result, the passively sensed AE signal at 50 mm distance 
has a peak-to-peak intensity of about 3 V and a peak resonant frequency of about 200 kHz. 
The AE testing on a more challenging 15.5-mm steel plate is then performed with the AE 
signal sensed successfully. The sensed AE signal at 50 mm distance has a peak resonant 
frequency of about 200 kHz which is consistent with the signal in a thin aluminum plate. 
However, much weaker signal strength compared to the thin aluminum plate with a peak-
to-peak intensity of about 0.4 V is observed due to stronger energy attenuation in thick 
steel plate.  
Other than that, the ACT passive sensing of the AE signals on anisotropic 
composite materials is investigated. A 2.54-mm thick single-layer CRFP composite 
structure is employed for investigation, and the AE signals are successfully sensed. At the 
50 mm propagation distance, the sensed AE signal has a peak-to-peak amplitude of 2 V, 
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and multiple peak frequencies are observed from its frequency spectrum. Then AE testing 
on a more challenging bonded composite plate of two single-layer CFRP plates is 
performed. The sensed signal at 50 mm demonstrates that the ACT can still sense the AE 
signals in a complicated bonded composite structure with a peak-to-peak amplitude of 2 V 
and multiple peak frequencies in the frequency spectrum. The noncontact AE testing by 
ACT has successfully been implemented in both metallic structures of both 1-mm 
aluminum plate and 15.5 mm steel plate. Other than that, the implementation of the 
composite structures AE testing has also been successfully demonstrated. 
12.2.7 NDE APPLICATION ON ANISOTROPIC COMPOSITE STRUCTURES 
Chapter 10 presents the NDE applications on composite structures with 
delamination and barely visible impact damage. For the composite plates, the Lamb wave 
propagation is direction-dependent due to its anisotropic material property. The single-
mode ACT Lamb wave actuation is first conducted in a single CFRP composite plate. It 
has demonstrated that single A0 mode Lamb waves are successfully actuated and verified 
in the composite by ACT. Proof-of-concept for damage detection in the composite is 
performed preliminary with simulated damage, demonstrating the established NDE 
methodology is capable of damage detection in the composite.  
Next, the NDE application on a 3 mm thick [-45/90/45/0]3s quasi-isotropic CFRP 
composite plate with delaminations is implemented. Two delamination cases of single 
delamination case with single delamination between plies 20 and 21 and double-
delaminations case with one delamination between plies 16 and 17 and one delamination 
between plies 20 and 21 are conducted. Firstly, the wave-delamination interaction with the 
single delamination is successfully observed, and with the cross-correlation imaging 
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method, the single delamination is imaged. Then the double-delamination detection is 
implemented with similar wave-delamination interactions observed from the wavefield 
inspection. With the cross-correlation imaging method, the double-delamination is imaged 
successfully. By comparing to the single delamination imaging, it is noted that stronger 
intensity cross-correlation values in the double-delamination overlapped area are observed, 
indicating that the noncontact NDE methodology is capable to evaluate the delamination 
severity in the composites.  
Finally, the NDE application on barely visible impact damage detection is 
implemented. Impact testing is conducted to create the barely visible impact damage in 3-
mm quasi-isotropic composite panel. The impact damage is evaluated as 25-mm with fiber-
break along 45˚ direction using the ultrasonic C-scan method. The single A0 mode Lamb 
wave in 0˚ direction is actuated and optimized in the composite panel for optimal Lamb 
wave signal. Then the wavefield inspection result of the impact damage is obtained and 
demonstrates that wave interaction with the impact damage is observed. The cross-
correlation imaging method successfully imaged the impact damage, resulting in stronger 
intensity along the 45˚ direction which is consistent with the C-scan evaluation of the 
impact damage.  
12.2.8 NDE APPLICATION ON MANUFACTURING DEFECTS DETECTION IN COMPOSITES 
Chapter 11 presents the NDE applications for manufacturing defects detection in 
composite, such as bond quality inspection and wrinkle defects detection. The surface 
contamination before bonding is adopted to prepare the weak bond specimen. Two 2.54-
mm thick quasi-isotropic carbon fiber reinforced polymer (CFRP) composite plates with 
[0/45/90/-45]s layup were adhesively bonded together as the bond specimen. The 
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adhesively bonded composite structure was manufactured using simulated contamination 
with several good/weak bond quality areas. For the surface contamination, silicone and 
Frekote were applied to create contaminated bonding conditions, and the center area of the 
plate was left intact as the pristine condition for comparison. The multidimensional 
wavefield data of these three distinctive areas (pristine, silicone contaminated, and frekote 
contaminated) are collected then processed with the multidimensional Fourier transform 
method to analyze the Lamb wave in the frequency-wavenumber domain for bond quality 
evaluation. The inspection results demonstrate that in weak bond areas, the strongest 
intensity of Lamb waves in the frequency wavenumber domain will be modified. Besides, 
the continuous wavenumber distribution will be interrupted by the weak bond resulting in 
discontinuous wavenumber distribution. To validate the weak bond inspection, another 
noncontact pulsed laser-SLDV Lamb wave system is adopted for weak bond inspection. 
Similar modified peak intensity in the weak bond area is noted, and the interrupted 
continuous wavenumber distribution is observed in the weak bond area. The noncontact 
ACT-SLDV Lamb wave NDE inspection of the weak bond has been successfully validated. 
Second, another typical manufacturing wrinkle defect in a 3.74-mm composite 
sample is investigated. There are a wrinkle region with more visible wrinkles at both top 
and bottom surfaces in the range of 60 mm to 120 mm and a reference region with less 
visible wrinkles in the range of 190 mm to 220 mm. Linescans on the wrinkle region and 
reference region are conducted for comparison analysis. The linescan inspections show that 
significant wave interactions with wrinkles are observed in the wrinkle region while little 
interactions are observed in the reference region. The linescan inspections are repeated 
three times with consistent results. To provide more information on the wrinkle inspection, 
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area scans are performed on both the wrinkle region and reference. With the energy 
imaging method, the wrinkle pattern in the range of 60 mm to 120 mm is imaged, and a 
much smaller wrinkle pattern in the reference region in the range of 190 mm to 220 mm is 
also imaged, demonstrating all the wrinkles in the wrinkle region and reference region are 
imaged. However, due to the directional ACT Lamb wave propagation, the wrinkle length 
along the y-axis direction is not entirely imaged. For future work, wrinkle inspection with 
the ACT moving along the wrinkle length direction can improve the wrinkle imaging. 
12.3 SUMMARY OF MAJOR CONTRIBUTIONS 
Overall this dissertation research has made the following major contributions: 
(1) An accurate and efficient model based on the analytical method was developed for 
modeling Lamb waves excited by PWAS and pulsed laser 
(2) A thorough characterization of ACT for single-mode Lamb wave actuation and its 
directionality has been studied in combination with SLDV 
(3) A robust and improved cross-correlation based imaging algorithm has been developed 
for precise damage detection 
(4) The fully noncontact single A0 mode Lamb wave NDE system has successfully 
configured and demonstrated for various types of damage in both metals and 
composites 
(5) A novel ACT application for noncontact acoustic emission sensing has been 






12.4 RECOMMENDATION FOR FURTHER WORK 
This dissertation research focuses on the noncontact single-mode Lamb wave NDE 
methodology by the ACT-SLDV system. Fundamental modelings of the Lamb wave 
propagation have also been conducted analytically and numerically to lay a solid 
foundation for methodology development. Further work is recommended in the following 
directions: 
(1) Study the global-local Lamb wave modeling method by combing the analytical 
method and FEM method 
(2) Perform the Lamb wave modeling of anisotropic composite structures 
(3) Explore the noncontact ACT acoustic emission application for damage localization 
(4) Investigate the NDE applications for complicated multi-sites damage or more 
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